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ABSTRACT

A preliminary design study of the ACCENT system is
reported in detail. This study includes considerations
of the basic physical processes, parametric analyses of
system performance, recommended fabrication methods, and
final electro~-mechanical design of the complete system.

Two electrogenerator designs are proposed for the
ACCENT system, one with promethium~147-oxide fuel and the
other with strontium-90~titanate fuel. Either of these
electrogenerators could be integrated with either a cesium-
contact ion thruster or with a charged-particle thruster.
When aerospace safety design factors are included, it
appears that the strontium-90 fueled system with a charged-
particle thruster will be superior for applications where
the spacecraft is not sensitive to low levels of radiation.

The final recommendation of the study is that a proto-

.type ACCENT system he assembled and tested as a proof of

principle. In the interests of economy, it is recommended
that this prototype system be fueled with promethium-147-
oxide, and be sized for a l1l0-micropound charged-particle
thruster. Concurrently with the development of the
promethium-147 prototype system, it is recommended that
fabrication methods and flight-prototype designs be developed
for electrogenerators of designs suitable for ACCENT systems
with 20~ to 350-micropound charged-particle thrusters.
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ACCENT DESIGN SUMMARY

‘Bothﬁthe’Cesium'contact ion and the charged particle
(Colloid) microthrust systems have received considerable
study and hardware development over the past four years for
spacecraft application{ MUnique'mission requirements'for
east-west station keeping of 24 hour geosYnchronous, gravity
gradient stabilized spacecraft have given rise to the
10~ to 20-micropound thrust electric rocket., North-south
‘station keeping on similar spacecraft has also introduced
the requirement for 300- to 500-micropound thrust level
systems., |

The cesium contact ion microthruster is well suited to

mission applications where the optimum specific impulse

is above 4000 seconds. Presently developed colloid micro-
thruster systems are best suited to applications where

the optimum specific impulse is in the range below 1000
Seqonds; For the above mentioned mission applications, the
ion microthruster appears better suited for large AV
reguirements such as north-south station keeping but suffers
in power efficiency for the relatively low AV east-west
correction. The colloid system appears best suited to the
east-west correction, but has some propellant weight penalty
- for large AV applications. Such comparisons are necessarily
basedfupdn'existing state—of~the—att systems.

A typical cesium contact ion system can be broken down
into ten functional sub-assemblies as shown in Sketch A.
The corresponding colloidvsystem‘also can be broken down
into ten sub-assemblies as shown in Sketch B. 1In subh
conventional systems, it is notable that electrical power
is required for (a) ionizer heater, (b) vaporizer Leater,
(c) neutralizer heater, (d)‘hiQh voltage supply, and
(e) control electronics. L ' :

The ACCENT System concept embodies an'adaptation éf
the electrostatic microthruster to provide a completely .
self-contained and self-powered propulsion system. This is
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accomplished by the following: (1) use of radioisotope
thermal source for ionizer or needle thermal control,
(2)‘use of a radioisotope electro-generator for high voltage
supplies, and (3) provision for incorporation of a thermo-
electric isotope generator (RTG) for neutralizer heaters,
vaporizer vernier heater, and control electronics. It

can be seen (asterick terms) in Sketch A or Sketch B that
such modifications would, in fact, permit a self-contained
system concept with only the need for command inputs.

Also, the ACCENT System permits full utilization of conven-
tional system capabilities such as thrust level adjustment
and two-axis thrust vector deflection. Thus, the origin of
ACCENT, of: éutogenetically—gpntrolled—gesium (or Colloid)-
Electro-Nuclear-Thrust System.

The ACCENT System design study has revealed a number
of important advantages of this concept over conventional

(non-nuclear) approaches. These may be summarized as follows:

)

(1) ACCENT is completely self-powered. It is completely
divorced from onboard power sources, thus affording a great
simplification in the spacecraft interface and in the asso-
ciated power saving which can now be used for prime experi-
ments. For the ZO—Micropound ion system the anticipated
power saving would be in the range of 30 electrical watts

per thruster.

(2) ACCENT is self-contained. The only required interfaces
are command inputs and telemetry outputs to the spacecraft.
The system enclosure can provide for its own thermal control,
radiated from the surface of the envelope to space. Space-
craft interface control requirements are substantially
reduced.

(3) ACCENT will have fewer total component parts count than
comparable conventional systems. The high voltage generator
should provide a higher reliability than electronics involv-
ing solid state devices. It would eliminate failure due to
current surge or arcing. It reduces thé series length of
critical parts in high voltage circuits. It should drastically
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reduce or eliminate the need for current-limiting and arc-
control circuitry.

(4) The isolation of power supplies should reduce or eliminate
the RFI transmitted through circuitry. This one ﬁéctor

may prove to be highly important in the ultimate applica-

tion of electric propulsion to long term communications
spacecraft.

(5) ACCENT can generate very high voltages (direct current)

for onboard spacecraft use other than propulsion. '

The total system design is somewhat more complicated
for the cesium ion thruster application than for the
colloid thruster system due to the extremely high tempera-
tures required for ionizer thermal control in the former
case. Experimental data has shown, however, that close
thermal control will more than likely be required for
needle temperatures in the case of the colloid system.
For purposes of describing the total design approach, the
cesium ion application will be used. Sketch C presents a
functional layout of such a system. In this case direct
heating of the ionizer button is employed to raise its
temperature to approximately 1100°C. The ratio of conductive
to radiative heat losses is held to a very low value by use
of concentric heat shields with wire separators. This reduces
the contact area to a small portion of the heat transfer
area. At operating temperature radiative losses from the
front face of the ionizer will beabout 3 watts. Assuming
that the feed tube is one-eighth inch in diameter capillary
tubing, heat losses are estimated to be 15 watts. The
surface radiation and conduction losses will be a function
of the radioisotope employed. If Pm203 were used in the
heat source with nichrome V as radiation shields and wire
separators, it appears feasible that 1100°C surface tempera-
ture could be reached at a power output of 65-80 thermal
watts. Calculations show, however, that the slope of the
temperature-power curve is guite sensitive to conductive
losses in this regime. This means that exacting heat

insulation must be employed to reach such operating conditions.
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If curium-244 radioisotope sources were employed, the
surface to volume would be substantially improved. In

this case the increase in power density of the radioiso-
tope indicates that 30 thermal watts should be adequate.
Direct heating of the ionizer mayVnot be the preferred
approach if thermal gradients within the capsule are severe,
because of the reduced temperatures obtained at the ionizer
surface. Another possibility is the heat pipe. This has a
potential advantage in that the heat source can be physically
removed from the required button position and thereby permit
optimization of overall system geometry.

In the configuration shown in Sketch C, a concentric
cylinder RTG is employed at the outer periphery of the ionizer
heat shield, which provides a hot junction for the thermo-
electric generator. The heat shield is designed to permit
an operating temperature in the vicinity of 700°F at the hot

"junction. Thermal insulation for the RTG will permit a cold
B junbtion temperature in the range of 150°F. Overali RTG
- efficiency would be approximately 7%. The high-voltage
electro-generator forms the outer sub-assembly in the con-
figuration shown. It consists of multiple concentric
cylinders electrically insulated from adjacent layers. On
alternate layers a thin surface deposit of Pm,0; or other
isotope would be applied. All layers, so coated, are electri-
cally inter-connected. The total surface area requirement is
based upon optimization of woltage-current at a given thrust
level. The beta current produced by this radioisotope would
be collected and would furnish the required high'voltage
supplies. Regulation would be maintained over a given operat-
ing potential through use of conventional electronic circuitry
which would provide a bias to ground., The outer enclosure
would serve as the thermal control sub-assembly and would
include a method of sealing the inner containment when necessary.
One technique would be-the use of an inert gas pressurizing
vial, together with a burst diaphragm and asscciated heater.
.Once in a space environment, power can be applied to the
heater and the pressurizing vial actuated. This should be




Mﬁ%fhlgh temperature ionizer to free space.a Durlng ground tes

'C*Qulnternal inert gas pressure 1n order to keep from'poiSG

xv o

fsufflclen Tto eject the dlaphragm CQVer Plateand expos

it would be pecessary to keep the unit- sealed and,under

.~ the ionlzer ‘at such temperatures., It is ant;czpated that
,¢development of such- contalnment aésembly w111 be thewmo .
pressing. development under the ACCENT approach. If the ‘he t

pipe is employed, it may be p0351ble to operate the heatin

oycle.inftwo modes. In mode 1 the heat would be rejected

. by a'thermal control unit. In mode 2 the heat plpe provxdewyg':

thermal input to the ionizer. The neutrallzer fllaments and;Cg
the vernier vaporizer heater would be powered d;rectly from g;f»
the RTG at low voltage. - ~ R ‘

‘The ultlmate configuration of an ACCENT system w1ll be f‘i”
highly dependent upon the SpelelC de51gn condltlons._ TE

‘may be necessary to place the hlgh voltage electrogeneratqr’;nf
 behind the thruster assembly as’ shown in Sketch D in order- ‘
to mlnimlze diameter of envelope whlle prov1d1ng adequate"'pi
surface area. L

The use of radlolsotope sources for thermal heaters in )
~ the temperature range up to 1100°¢ has been and is’ now under =
,lnvestlgatlon ‘as one adaptatlon to- exlstlng 1on englnes. '

- The next major step in thlS regard w1ll have to be experlmental

'.ln nature due to the exacting thermal 1nsulation requlrements.

203 may be 1nadequate from a- power den51ty standp01nt, so
tests will be requlred. NASA tests on ‘the" RalelSOjet have
shown that Pm203 can prov1de est;mated surface temperatures
up to 900°C, It is expecteé that hlgher temperatures could
be obtalned by more careful design of the heat shlelds and
thermal suppcrt members. f?‘ ' ' I

* James, et al; Mlcrothruster Development with Slmulatedf
‘Radigisofppe ﬂeatlng. AIAA Paper No. 67-734.p Sept»-,
s 1967

Nam Summary Report.v NASA X—734—67 475.7
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The use of radioisotope sources for RTG devices is also
quite well developed at this stage. It is anticipated that
conventional units  could be directly incorporated into the
ACCENT configuration.

The majOr,developmentyarea at this point'is the high
voltage electronuclear generator (HV-EG). With this thought
in mind, the predominant emphasis of the désign study described
in the following sections deals with this sub-assembly. It
should be noted that any one or all of the three design features
(i.e. ionizer heater, RTG, HV-EG) could be incorporated into
conventional systems. For example, all powér for bi-polar
liquid-spray microthrusters could be provided by two HV-EG of
opposed polarity located in the same containment vessel. A
modest amount of heat would be required for needle temperature,
and this could be provided from the HV-EG heat rejection. 1In
bi-polar liquid-spray thrusters, a neutralizer is not required,
so that in this application of the ACCENT System, the HV-EG
would provide all power needs. TFor other applications of the
ACCENT System, information presently being developed on
radioisotope-heating and RTG technology could be adapted to
the parficular system design. The major objective of this
design study is to develop an understanding of the HV-EG to
the point where it can be considered ready for detailed
laboratory hardware testing along with the former sub-assemblies.

* Advanced Large Milliwatt Radioisotope Generator Study
Program. Summary Brochure, Contract No. AT{(30-1)-3627.
May 31, 1966.
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ACCENT PARAMETRIC DESIGN STUDY

The ACCENT system* is a type of auxiliary electric
propulsion systeml in which a radioisotope electrogenerator
is coupled with an electrostatic thruster through autogeneous
controls to produce thrust in the micro-pound to milli-pound
range. An ACCENT system with a cesium-contact ion thruster
is shown diagrammatically in Figure 1, and an ACCENT system

with a liquid-spray charged-particle thruster is illustrated
in Figure 2,

Electric power for the thruster is generated in the
radioisotope electrogenerator by the direct conversion of
decay-particle kinetic energy into electric potential energy.
This action is analogous to the conversion of electron kinetic
energy to electric potential energy in thermionic diodes.
Auxiliary power regquirements could be provided by radioisotope
heating as in Figure 1, or by thermoelectric power for the
system shown in Fiqgure 2.

Attainment of high electric potential with radium was
suggested by Strutt2 in 1903, and actually demonstrated by
Moseley3 in 1912. 1In the Moseley experiment, about 20
millicuries of radium was located in a thin-wall l-cm dia-
meter bulb supported by a 0.8 mm fused-silica rod in a
silver-coated vacuum chamber. Although the beta current was

only 10'-ll amperes, potentials of 150,000 volts were reached.

In 1924, Kramer4 reported some experiments done with
radioisotope materials such as monazitef sand or radiocactive

ilmenite* coated directly on a flat plate electrode and

*

autogenically~-controlled-cesium~electro~nuclear-thrust system,
or autogenically-controlled-colloid-electro-nuclear—-thrust
system. '

—’-
<Ce,Nd,Pr,La)po4(+Th3[Po4]4)

iFeO-TiO2



separated by an air gap from a flat-plate collector elec-
trode. Batteries of this kind built by Kramer produced 25 fo
100 volts. Successful operation also was attained with no |
air gap, that is, with the radioisotope fuel layer in direct
contact with the collector electrode.

Pool5 pointed out in 1944 the possibility of using radio-
isotope electrogenerators in vacuum tubes and electron micro-
scopes, and remarked on the similarity to the Edison effect.
Lobanev and Beliakov6 reported in 1945 on a radioisotope

electrogenerator which delivered 10_10 to 10"9 ampere. Miller

7

proposed a polonium-210 alpha-particle radioisotope electro-
generator in 1946.

Linder8 reported in 1946 on plans to construct a beta-
ray radioisotope electrogenerator. Notable reasons for this
development were the longer range of beta. particles, and the
lower cost of beta-emitting radioisotopes. With the greatly
increased availability of radioisotopes from the Manhattan
Project, it appeared that Moseley's results could be exceeded
several fold. In 1951, Linder and Christian9 reported that
a voltage of 365,000 volts had been attained with a 0.25~curie
strontium~90 Vvacuum electrogenerator. Short-circuit current

10 yas l.OleOf9 amperes, and pre-

in this electrogenerator
breakdown leakage current was of the same order of magnitude
in the kilovolt range of operation. Further work in this
program* was done with solid-dielectric radioisotope electro-~
' 11,12 55 1953.

Although the strontium-90 sources were only 25 to 250 milli-

generators as reported by Linder and Rappaport

curies, current and voltage were geneiated, thereby demon-
strating the basic feasibility of radicisotope electrogener-
ators.

Vacuum electrogenerators fueled with up to 6 curies of

polonium~-210 have been developed by Anno, et all3“16 to

*

supported in large part by the Components and Systems
Laboratory, Wright Air Development Center, Air Research
and Development Command, United States Air Force.
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-generate about 1058 ampere at 100,000 volts. Because of

delta rays (electrons) generated by the alpha particles
leaving the radioisotope fuel layer, an electron-suppression
grid is required in this type of electrogenerator.
RalelSOtOpe electrogenerators for primary electric
propu151on have been proposed by,M;qkelsen‘and Low17 21 .

These proposed designs were for 10 kilowatt (electric)vpowér;

" levels and larger and recommended either polonium~210 or

cer1um-praseodym1um—l44 for the radioisotope fuel. Because
of the necessity for a delta—ray suppression grid with alpha-
emitting fuels as shown by Anno, the polonium-210 design
concept appeared to be too heavy for primary propuls:l.on19 .
For this reason, the cerium-144 design concept is presently
being investigated experimentally at the NASA Lewis Research
Center. The NASA Lewis electrogenerator consists of two
coaxial cylinders with cerium-144 deposited on the inner
cylinder. There is a large vacuum gap between the cylinders

to support the desired voltage of about 600,000 volts.

The ACCENT system differs basicaliy from the NASA Lewis
concept in that the ACCENT system is intended for auxiliary
propulsion, while the NASA Lewis concept is intended for
primary propulsion. Thrust levels for these two appllcatlons
are vastly different, so exceedlngly low specific mass is not
éssential for the ACCENT system. Because of the higher thrust
level for primary propulsion, electrogenerator size is a
crucial factor in the NASA Lewis concept. Primary-propulsion
mission durations are usually léss than one year, while
auxiliary propulsion for satellites may require durations of
more than two years. Such differences in application require-
ments result in basically different design philosophies, so
that there is little in common between the NASA Lewis concepts
and the ACCENT system. ’ ' '

Fundamental Design Concepts

Two design features must be determined before detailed
parametfic analyses can be done to find the optimum final
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design:

1. radioisotope type for electrogenerator fuel

2. electrogenerator geometrical configuration
These design features have been discussed in the Interim

Design Report22

» and in Appendixes of this report. This
discussion is summarized here in support of the recommended

design features.

Electrogenerator Radioisotope Fuel. The ACCENT system
electrogenerator design study has been limited to consider=-

ation of beta~emitting radioisotopes only. In principle,
alpha-emitters could be used in the electro-generator, but
then a grid is required to suppress the copious emission of
delta electrons that accompanies alpha emission from a N
surface as discussed previously. Study of the ACCENT electro-
generator has shown that close-spaced electrodes are essential
for satisfactorily small generator size and weight. Under
these circumstances, a suppression grid does not seemifeasible.

There are a number of beta-emitting radieisotopes‘that e ‘ )
have properties conducive to high performance electrogenerators.
The preliminary design study has shown that four charabﬁeré'
istics of radioisotopes are of major interest for use in'the
ACCENT system electrogenerator: half life, volume activity,
end-point energy, and nuclear radiation.

Activity decays of some typical radioisotopes are shohn
in Figure 3.  For auxiliary propulsion missions of,saverél
years duration, long half-life radioisotopes such as strontium-
90 are attractive from the viewpoint of activity uniformity.
For two- or three~year missions, promethium-147 would be
satisfactory with some means for power flattening. For
auxiliary propulsion missions of only a few months duration,
thulium-170 would be satisfactory. If uniform activity were
not an important factor, then much more flexibility in choice
would be possible. For example, if most of the propulsion
requirement (e.g., AV) were required in the first portion.
of the mission, then shorter half-life radioisotopes would
be permissible or even preferable.
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It is evident that the mission requirementsfwillvhave

"much7béaring on radioisotope half-life specification. For

the present purposes of'finalizing the design concept, it
seems advisable to reqﬁire_a,half—life cdmmenéurate with a
three-year mission in order to provide adequate demonstration
of the utility of the ACCENT system.

Shielding weight can be a major fraction of the overall

‘weight of the ACCENT syStem, and so the shielding require—

ments are a very important Factor in radioisotope selection.
Before considering the shielding~réquirements it should be
noted that a containment vessei will be needed, and that the
shielding might serve the dual purpose of nuclear-radiation
shielding and of containment. These aspects of aerospace
safety design features are discussed in a later section.

It will suffice to point out here that a radioisotope such

as strontium-90 could prove to be most attractive if electro-
generator size is minimized. In other words, the containment
vessel required for re-entry may be sufficiently thick to
attenuate the strontium-90 bremsstrahlung to an allowable
level, in which case, small electrogenerator size would
become a dominant factor. '

Beta-emitting radioisotopes have been surveyed in the
preliminary design study. From an extensive list, a reduced
list has been formulated within the following constraints:

end-point energy: .2 to 2 Mev

minimum half life: 115 days

compound form: solid at room temperature
The lower limit on end-point energy is to provide enough beta
energy to escape a reasonably thick fuel layer, and the upper

‘1imit on end-point energy is to prevent excessive bremsstrah-

lung. Other constraints include the requirement for negli-
gible gamma emission, and practicﬁl availébility. For
example, cerium-144 is admirable in all respects except for
the 2-~Mev gamma emission which would require very heavy
radiation shielding.



~All of the factors considered have led to the recom-
mendation of the following radlolsotope fuel forms for the
ACCENT system- SR

promethium-147-oxide
strontlum—yttrlum-QO tltanate
thullum—l70—ox1de '

Of these, thulium-170 could be used only for short-duration =~
missions, and promethium~l47-oxide is the easiest to handle ;7 
in fabrlcatlon and system development. o

Electrogenerator Geometrical Configuration. Analyses of

electrogenerators such as in Appendixes A to D of this report

have shown that there is a maximum value of beta-current

'den51ty leaving the fuel-element surface, and that this max-

imum value is reached when the fuel ~-layer thlckness is equal

to the end—p01nt—energy range for the particular rad101sotope R
fuel form. For this reason, radioisotope electrogenerators ' \‘j
are current-limited devices, that is, the total electro~

generator current is proportional to the fuel-layer surface

area. In ACCENT electrogenerators conceived so far, the

dominant mass will probably be the aerospace safety_contain4

ment shield, and this mass will be determined by the fuel-

element surface area and electrode spacing in the electro-

generator. Fuel-element surface area will be determined by

the beta-current density arriving at the collector and by |

the total current requirement.

Total current required from the electrogenerator depends
on the type of electric thruster, the thrust level, and the
net accelerating voltage. This dependence is illustrated in
Figures 4 and 5 for a thrust of lo—micropounds; exhaust-beam
current J is proportional to thrust F for a given net
accelerating voltage ¢net . ‘

=3 (m/q) 9,1=3 (/@) [ 2 (a/m) o | o
= (2m/q) ¥ 34, | o w )

net
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- where gc=9.806 m/secz, I is specific‘impulse in seconds,
‘and g/m is charge/mass ratio in. coulombs/kilogram.

From Figure 4, it is evident that there is not much

' relative reduction in contact-ion thruster current for net

accelerating voltages above 20,0007volts. The end-point
energy of promethium~147 is 223,000fev . so the range of

‘interest for electrogenerator voltage is .1 of the end~point

energy or less. As shown by Figure 5, this observation is
valid also for charged-particle thrusters operating at 200,000
volts net accelerating potential, because strontium-90 electro-

- generators would be used with such thrusters and the end-point

enerqgy for strontium-90 is 2.2 Mev,

Some possible electrogenerator geometries are illustrated
in Figure 6. In each of these geometries, the intent is to

provide a maximum emitter area in a given volume.

Geometrical configuration does not have a major effect
on collector current in cerium-144 electrogenerators for
operating voltages less than .1l of the end-point energy, as
shown ina Figure 7. The information in Figure 7 has been
normalized from theoretical calculations for cerium-144

electrogenerators21

, and should, be valid for any beta-emitter
electrogenerator that has a typical beta energy spectrum. By
inspection of Figure 7, it is evident that very small radius
ratios will provide nearly as much current as large radius
ratios, for both concentric spherical and coaxial cylindrical
configurations. This immediately implies that flat-plate
configurations are roughly as effective as spherical or
cylindrical configurations when the operating voltage is less

than about .1 of the end-point-energy.

This last observation has very important consequences.
In effect, the conclusion is that spherical, cylindrical, or
flat electrodes are roughly equally effective in generating
electric current in the ACCENT system. The important conse-
guence is that fabrication and mechanical design advantages

probably will dictate which configuration is the most



’des1rable. There is little doubt that the flat—plate conn‘
figuration is superior with respect to fuel~layer dep051t10n
or bonding. Cermets could be rolled easily into a cylindrical

form, but spherical shapes would present spec1al problems.
Cylindrical geometrles with a vacuum or gas. dlelectrlc would
be plagued with p051tlon1ng problems, particularly when many

' fuel-element/collector pairs are required however, the co~:
ax1al cylindrical ‘geometry has greater strength and a better ,
shape for reentry. If the p051tion1ng problems could be
solved, then the coaxial-cylinder configuration would provide
minimal total system weight beoause the aerospace safety
containment vessel is the most massive component of the system.
There would be no positioning prOblems with elsolid dielectric,
for the fuel-element/solid~dielectric/collector assembly.could
be rolled up like a cylindrical capacitor. However, calcula-
tions in Appendix E indicate that solid dlelectrlcs may fail
due to radiation damage. An alternative to the continuous
$0lid dielectric is the use of dielectric spacers that cover
only a small fraction of the total electrode surface area, ‘
as discussed in a later section. The dielectric-spacer design
concept is equally applicable to coaxial—cylinder,‘circular—
disc, or flat-plate geometries, and is therefore treated here
simply as a means for providing mechanical integrity of

electrogenerators with close-spaced electrodes.

From this discussion, it is conc]uded that the flat~
plate geometrical configuration is the best choice for the
initial stages of ACCENT system prototype development. A
typical flat-plate configuration is shown in Figure 6{a).
Analysis of this configuration is described in detail in -
Appendixes A to D of this report. This configuration is used
as a stanﬂard pnd as the source of information for most aspects
of this preliminary design study. The modular design feature
“of the flat—p}ate and circular-disc geometries illustrated in
Figure 6 is oﬁ gpe01al advantage in providing the various
voltages and currents required by electrostatic thrusters over
a range of thrust levels. The ultimate flight configuration




may well be the cylindrical‘geometry, so the parametric
analyses described in the next sectlon include this geometry
also.

Parametric Perfocrmance Analysis

Performance of the ACCENT system is prlmarlly dependent
on the performance of the electrogenerator, and on the match-
ing between electrogenerator‘and thruster characteristics.
Thruster characteristics are fiXed'by"the state-of-the-art
in electrostatic thrusters, or by confident extrapolation of
experimental thrusters into a flight—prbtotype status. There-
fore, the,primary variables in the ACCENT system performance
analysis are those of the electrogenerator; for example, it

- is assumed that the electric thruster can be designed to meet

the current-voltage characteristic shown in Figures 4 and 5.
In the interest of completeness, only minimal constraints are
placed on the parawmetric study with regard to fabrication
feasibility, for such constraints are discussed in a later

section.

Electrogenerator Current. Beta-current density leaving the

fuel-layer surface is treated theoretically in Appendixes A
to D. Losses due to pre-breakdown, secondary-electron,
refiected—primary,'and ohmic-leakage currents are discussed
in Appendix E. These results are used throughout the present
analysis. '

Beta-current densities leaving the fuel-layer surface
in Pm203 , 90% dense, electrogenerators are shown in Figure
8. In preparing this figure it was assumed that the support
foil, or substrate, would be much thicker than the Pm203
fuel layer, so that all betas emitted toward the support foil

would be lost. As shown in Appendixic; not much gain in

primaryrbeta current can be realized from Pm203 fuel—layers

‘thickex than 0.005 cm (2-mil). For these reasons,. the
'cuirent’density for Té = .005 cm shown in Figure 8 is used as

a standard “throughout the parametrlc study of promethium-147~
ox1de electrogenerators.
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. Strontium~90 betas have a much greater range than those
from promethium-147, so thin support foils are certainly
feasible in SrTiO3 electrogeneratprs, For example, a 10-mil
aluminum support foil will allow many beta particles to pass
through, and in this way the beta—current density can be
augmented if the fuel layer is placed on both SLdes of the
support foil. The method developed in Appendlx E to. accountA 

for beta losses in solid dlelectrlcs can be used ‘For calcu-ﬁﬁ:
latlng the.current augmentatlon by rearward—emltted betas._,i’;

Results of such calculations for stront1um~90ft1tanate,,
90% dense, electrogenerators are shown in Figure 9. This

figure can be compared directly with Figure C15, and from this

comparison, it is clear that rearward-emitted betas make. a
' very significant contribution. These results'are'crOSs~;"
plotted in Figure 10, and it is ev1dent from this flgura '
that a 0.10-cm fuel-layer thickness will prov1de nearly aé o
much current as a 0.20-cm fuel- layer ‘thickness. In other
words, the inventory of Sr-¥Y-90 can be reduced.toyl/2 and
the current is reduced by only 5%. '

If very thin substrates, say, 0.5-mil aluminum foil,
could be used in promethium-147-oxide electrogenerators,
then the radioisotope inventory could be reduced with essen-
tially the same primary~beta current density. Whether such
thin foils are feasible remains to be seen. Also, cermet
fuel elements could provide the same kind of advantages as
thin support foils do, if the cermet can be made thin enough.
Because of the matrix material in cermets, primary-~beta
current is reduced somewhat as described in Appendix G, but

this reduction can be less than the gain provided by rearward- -

emitted betas if the cermet is thin enough. These deviations
from the 0.005-cm Pm,0, and 0.10-cm SrTiO3 ; both 90% dense,
fuel layers are minor, so the primary-beta-current-densities

shown in Figures 8 and 10 are used throughout this analysis.

Electrogenerator current-density can be estimated guite
simply with the information contained in Appendix E. Secon-
dary~electron current is estimated to be about 3% of primary-
beta current, and primary~electrén reflection is estimated to
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be about’ZO% of primary—beta current.‘bThese twckmechanisms
comprise a total of 23% leakage current in a vacuum-dielectric.
In other words, electrogenerator current density would be 77%
of the values shown in Figures &'andylo, for vacuhm—dielectric
electrogenerators. Gas-dielectric or solid- dielectric electro-
generators probably would not: have the 3% secondary—electron
'leakage‘current,‘but most of the reflected primary electrons
would be‘returned to the emitter. Since the 3% difference
between vacuum-dielectric and gas~ orksolid—dielectric
electrogenerator current density isvsmall, the 23% leakage;

current is assumed throughout this analysis.

Electric Field Strength. As noted previously, it is of

crucial importance to minimize the volume of the ACCENT
electrogenerator in order to minimize the mass of the aero-
spaCe-safety containment vessel.  This requirement immedi-
etely implies that the inter-electrode gap between the fuel
element and the collector must be as small as possible for-
the given operating voltage. Small spacing for a giveh
voltage results in a high electric field strength. In fact,
the maximum allowable electric field strength will dictate
electrogenerator size. » v

As discussed in Appendix E, data for vacuum—dlelectrlc
electrode systems show that electric field strengths of 105
to 106 volts/cm‘can be held without appreciable'pre—breakdown
current or actual electric breakdown. In‘principle, even
hlgher f;eld strengths can be attalned with SF6 gas dielectric,
but then very high gas pressures are required, as illustrated
_1n Flgure ll Dielectric strengths of pyrolytlc boron
nltrlde, po}yester, poly—para—xylylene, and polyimide solid
dlelectrlcs are ;;sted in Table E2, and these correspond to
effectlve fleld strengths of 1. 6x106 to 2. 8x106
Allowable fleld strength with solid dielectrics is important

volts/cm.

also when the s0lid is used as a separator between fuel
elements and collectors in vacuum- or gas—dlelectrlc electro-
generators.
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It 1s not possible to predlct with certainty an exact
value of allowable electric field strength for the ACCENT
,eleqtrogenerator. Only direct experience in the development
of the electrogenerator can provide reiiable values for
electric field strength. For this reason, the recommended
electrogenerator design will have provision for varying the
emitter/collector spacing over a reasonably wide rahge. In
the light of the experimental evidence for vacuum~, gas-,
and solid-dielectrics, the range of‘ihtexest for electric
field strength is taken to be 10° to 10°

parametric study is done over this range.

. volts/cm, and the

Rectangular Flat-Plate Electrogenerators. The feasibility

of fabricating electrogenerator fuel elements by various
methods is discussed in Appendix G. Of the many possible
configuratidﬁs, it is concluded in that Appendix that 1x6-
inch rectangular flat-plate fuel-elements could be fabricated
with confidence within the existing state-of-the-art. It is
of interest, therefore, to include this particular configur-

ation in the parametric performance analysis.

It is assumed that the fuel elements consist of 1x6-inch
fuel layers of promethium~147-oxide or strontium-90-titanate
on two sides of 10-mil aluminum support foils. Since the
fuel-layer area on each fuel element (total of both sides)
is known, and since the exhaust-beam current requirements
for cesium-contact and charged-particle thrusters are known
(Figures 4 and 5), then the electrogenerator current density
(77% of values in Figures 8 and 10) can be used to calculate
the number of fuel elements required for a l0-micropound
thruster. Mission duration must be included as another
parameter in this calculation because of the activity decay
of the radioisotope fuel. Results of such calculations are
shown in Figures 12 to 15. The comparatively large number
of fuel elements reguired for the cesium-contact ion thruster
is due to the large ion-beam current requirement for this
type of thruster as illustrated in Figure 4. The relatively
small number of fuel elements required by charged-particle
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thrusters is indicative of the better match'bétween thruster
and electrogenerator characteristics affordedvby the charged-
particle thruster, This improved matchihg'of thruster to
electrogenerator is due to the much smaller values of g/m
which greatly reduce the exhauét'beam current as shown by
equation (l); ‘In fact, it can be said caﬁegorically at thié
point that the charged-particle thruster is much sﬁperior'to
~the contact-ion thruster for integration in the ACCENT system;
however, the contact-ion thruster can still be used effectively
in the ACCENT system. '

Size of the electrogenerator with a rectangular flat-
plate configuration can be expressed in terms of the total
height H of a stack of 1xé6~inch fuel-elements and collectors.
Typical designs for promethium-147-oxide and strontium-90-
titanate electrogenerators are shown in Figures 16 and 17.

In each of these designs, the total height H is:

H=nh (2)

where n 1is the number of fuel elements, and h is the
height occupied by one fuel element, the two inter-electrode
gaps, and half of each of the two collectors:

h=%1c t gttt gttt gF %Tc

=(rc + 2Tf + rs) + 29 ‘ (3)

Fuel~layer thickness Te has been aSsigned in the previous
text as 0.005~cm for the promethium-1l47-oxide electrogenerators
and as 0.10-cm for the strontium—QO-titanate»electrogenerators.
A support-foil thickness of 0.010-inch has been mentioned as
being feasible from the fabrication standpoint (see Appendix
G), and aluminum is a good material from the standpoint of

low bremsstrahlung production as discussed in connection with
aerospace safety in a later section. For the same reason,
~aluminum is indicated as the collector material in both Figures
16 and 17. ‘ ‘
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The 10-mil aluminum collector in Fiquré-lﬁ is more than
sufficient to stop all betas from promethium-147; that is,
the range of betas with the end-point energy of 0.223 Mev is
about 0.008-inch in aluminum. However, the end-point energy
of betas from strontium-90 is 2.28 Mev, and these have a
range of about 0.18-inch in aluminum. Since most of the
betas leave the fuél—layer surface at angles much less than
the surface-normal, it is reasonable to expect that néarly
all the betas can be stopped in a collector with a thickness
less than that required to stop end-point betas at a normal
incidence. For this reason, a collector thickness of 0.125-
inch is assumed adequate for the present design analysis. ‘In
a final flight-prototype strontium-90-titanate electrogenerator,
the optimum design will minimize electrogenerator volume and
minimize beta current passing completely through the collector.
It is possible in principle to make theoretical calculations
of energy and angle-of-incidence of betas arriving at the
collector,\such as reported21 for cerium~144 electrogenerators
with the assumption of straight-line paths of betas within the
fuel-layer. Exact calculations require results from Monte
Carlo methods23, and such calculations are beyond the scope
of the present work.

Total heights of lx6-inch flat-plate promethium-~147-
oxide and strontium-90-titanate electrogenerators are shown
in Figures 18 and 19 respectively. All of these arrays have
an inter-electrode electric field strength of ¢/g=105
volts/cm. For example, from Figure 18 a promethium-147-oxide
electrogenerator with a contact-ion thruster, for a mission
duration of two years, and an operating voltage of $=2000
volts, could consist of five stacks of lx6~inch emitter/
collector arrays each stack being 5.3-inch in height (ie,
each stack would be 1x6x5.3~inch, not including support
gstructure). If a charged-particle electrostatic thruster
could be used with the promethium-147-oxide electrogenerator,
dramatic reductions in the total height H could be effected
as shown in Figure 18. ‘ ‘
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By comparing Figures 18 and 19, it is eVidEnt_that '
strontium—90—titanate ACCENT'electrogenefatbrs’WOuld be con-
siderably smaller than the promethium—l47—oxide electro-
generators for long mission durations. Itwis notable that very
thick aluminum collectors and thick fuel laYers have been speci-
fied for the strontium-90-titanate electrogenerators. Aluminum
was chosen-as the collector material because of the relatively
low primary—électron backscattering coefficient as shown in
Figures E4 and E5. If tantalum were used as the collector
material, the backscattered current would be about three times
greater than with aluminum collectors, so‘that:

jTa/jAl=(lf.03—3x.20)/(l—.03—.20)=.37/.77=.48 (4)
where the term .03 represents the leakage current due to
secondary electron emission. A measure of electrogenerator
volume is the ratio h/j where h is the module dimension
given by equation (3), and j is the electrogenerator current
density. The ratio of h/j for aluminum and tantalum collector
designs is: '

(h/3) 51/ (8/3) 5 =
(jTa/jAl)(?c+2Tf+Ts+zg)Al/(Tc+2Tf+Ts+zq)Ta (5)

The end-point-~energy range of betas in aluminum is 0.458-cm
(see Appendix Bl), but the collector thickness is assumed to
be only 70% of the end-point-energy range, ie, rc=0.318—cm.

In tantalum, the end-point-energy range is 0.0622-cm, so the
collector thickness can be assumed to be rc=0.046—cm’(18-mil).
For a fuel-layer thickness of rf=0.10—cm, and a support-foil
thickness of Ts=10—mi1, equation (5) becomes: i

(h/3) 1/ (h/3) g =-48(.215+2g) /(.108+29) (6)

The ratio expressed by equation (6) is less than unity for
all inter-electrode spacings, e.g., for g=0.l-inch, the ratio
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is 0.73. 1If the fuel-layer thickness were substantially
reduced, there would be some gain with tantalum collectors,
but this would be more than offset by the reduced current
density (see Figure 9). For example, if the fuel-layer
thickness were reduced to 0.05~cm, then h=175-mil with the
125-mil aluminum collector and wifh a negligible gap g, so
that a reduction in h of .175/.215=0.81 would be effected.
However, by inspection of Figure 10, it can be seen that
current density would be reduced by a factor of 305/377=0.81
at ¢=0 volts, and by a factor of 181/254=0.71 at ¢=100,000
From these calculations it is concluded that aluminum is a
superior material to tantalum for the collector electrode,
but that other materials such as beryllium might prove of
interest. Further studies of other materials will depend

on the available data on electron backscattering coefficients.

Electrogenerator size can be reduced significantly with
higher electric field strengths, ie, with closer spacing
between emitter and collectors for a given operating wvoltage.
The effect of electric field strength is illustrated in
Figure 20 for promethium-1l47-oxide eléctrogenerators with
cesium-contact ion thrusters. Although higher field strength
greatly reduces the size of promethium-1l47-oxide electro-
generators, the closer spacing between emitter and collector
may bring about mechanical design preoblems. For example, an
electrogenerator operating at ¢=20,000 volts, and ¢/g=106
volts/cm would have a total height of H=12-inches, but the
electrode spacing would be ¢g=0.02-cm, which is only 0.008-inch.
Whether such close spacings will be feasible must be answered
in development phases of the ACCENT system.

Cylindrical Electrogenerators. Cylindrical electrogenerators

with circular-disc electrodes as shown in Figure 6(d) have a
size dependent on the emitter surface area S that is re-

quired to provide the current J :

§=J/3 (7)

where j is the electrogenerator current density. Emitter

i
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area for circular discs is:
8=2(wD°/4)n (8)

where the factor 2 accounts for fuel layers on both sides of
the disc, D 1is the fuel-layer diameter, and n is the numpe,
of fuel elements.  ILength L of the stack of circular discs
Cis:
L=nh ' (9)

where the module height h is given by equation (3). Com-
bining equations (8) and (9): '
2 ‘
S=kmD“L/h (10)
Emitter surface area S in the coaxial cylinder con-

figuration shown in Figure 6(b) is:

n
s=Y s (11)
k;% k

whre St is the surface area of a particular cylindrical
fuel element:

Sk=2(ZﬁrkL)=4ﬂL(ro+%h+kh) ' : (12)

where r, is the radius of the innermost collector, and h
is the module dimension given by equation (3). The sum of
the arithmetic progression formed by combining equations (14,
and (12) is:

n ,
S=4nL (r +%h+kh)
égo °

=4nLn[ro+%h+%(n—l)h]
=4nLn(ro+%nh) , (13

Outer diameter D of the array is the diameter of the outer-
most collector, so:

D=2(rn+%h)=2[r0+(n+l)h] (14)
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From equation (14), the number n of fuel elements is:

n=[;gn—r°)/h] -1 | (15)

When the electrogenerator contains a large number of fuel
elements, %Da>r0 , and D/2h>> 1, so that equation (15) can
be simplified to:

n=D/2h (n>>1, D/2 ﬁ>ro) (16)
With this expression for n, equation (13) becomes:

S=4nL(D/2h)[ro+%h(D/2h)]
2LnD2L/h (a>>1, D/2>>xr) (17)

which is identical to equation (10). From this analysis, it
is evident that circular-disc and coaxial-cylinder geometries
will have approximately the same emitter surface area if the
module dimension h is the same, as well as the cylinder

outer dimensions. The same observation should hold true for

the spirél—wound cylindrical geometry shown in Figure 6(c),

W
i

therefore all three cylindrical configurations should have

equal size for a given electric current requirement.

Fuel-layer diameters for promethium-147-oxide electro-
generators are shown in Figures 21 and 22 for L/D ratios of
1.0 and 3.0 respectively. It is notable that the inner
diameter of the containment vessel will be somewhat larger
than the fuel-layer diameter because of sﬁpport structure
around the periphery of the electrode discs. This will be
true to a lesser degree for the coaxial-cylinder and spiral-
wound cylindrical configurations.

The information shown in Figures 21 and 22 can be used
to scale the ACCENT system to other thrust levels by noting
that electric current J 1is directly proportional to thrust
at a given voltage and g/m, as shown by equation (1). For
example, a charged-particle thruster with q/m=4000 coul/kg
might be operated at 10,000 volts with ¢/g=lO6 volts/cm, and
the fuel-layer diameter for 350-micropounds thrust would be
2.8(35)1/3 =2.8x3.27=9.2-cm(3.6-inch). By inspection of
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equation (1), a q/m=1000 coul/kg would provide a reduction
;/3=.794, so the 350~
micropound thrust system could have an electrogenerator dia-
meter of somewhat over 7.3~cm (2.9-inch).

Electrogenerator Component Mass. The mass of the collector,
the support foil, and the radioisotope fuel can be expressed

in terms of mass/area as shown in Table I for the design
concepts described in previous sections. These values of
specific mass only account for the active areas of the electro-
generator; support structure mass will depend on the particular
geometry used. |

Values of fuel-layer specific mass in Table I for the
strontium~90-titanate electrogenerator designs are much
higher than for the promethium-1l47-oxide design, so the vari-
ation of fuel-layer specific mass with fuel-layer thickness

Te is of interest. The ratio of mass/current can be formed:

(kg/mz)/(microamp/m2)=1fo/j (18)

where ¢ is density of the radioisotope fuel form (Table Bl).
This specific mass (kg/microamp) is shown in Figure 23 for a

range of fuel-layer thickness and electrogenerator

T ’
voltage ¢. From this figure, ii is evident that thinner

fuel layers will provide a lower specific mass, but it must

be noted that the current density is less for thinner fuel
layers, so the emitter area must increase as fuel-layer thick-
ness is decreased. This increase in emitter area will result
in larger electrogenerator size, and in a more massive con-

tainment vessel.

Minimum system weight can be achieved only by an optimiz-
ation procedurezz, and this optimization must include all
components such as the electrogenerator and its containment
Vggsel, the thruster, the cabling and controls, and the
ptééellant and tank. The final optimized design will depend
on a number‘Qf factors such as allowable field strength, so
the primary functién of this section is to provide information
needed for the fi#gi optimization.
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Mass of strontium-90-titanate electrogenerator com—
ponents, the collector, the fuel, and the support foil, can
be calculated from the information presented in previous
sections. The total mass of these components for a 10-
micropound cesium-contact ion thruster ACCENT system is
shown in Figure 24 for a range of fuel-layer thickness and
electrogenerator voltage. Internal support structure and
containment vessel masses are not included in Figufe 24.
Although the thinner fuel-layer thickness would result in a
lighter electrogenerator component mass, the électrogenerator
current density would be reduced theréby causing an increase
in electrogenerator size and an increase in containment—véssel
mass.

Component masses of promethium~-147 electrogenerators for
10-micropound thrust ACCENT systems are shown in Figure 25.
The marked superiority of the charged-particle thruster is
clearly shown by the very low component masses for q/m=
4000 coul/kg. This superiority is illustrated again in
Figure 26 where component masses are shown for 350-micropound
charged-particle thruster ACCENT systems for a range of g/m
and electrogenerator voltage.

Propellant mass and tankage may be significant in
assessing the total system mass. Propellant weight Wpr is
simply:

Wpr=Ft/I (19)

Where F is thrust in pounds, t is propulsion time in
seconds, and I is specific impulse in seconds. Propulsion
time may be related to mission time by specifying a duty cycle.
Weight of propellant for charged-particle electrostatic
thrusters is shown in Figure 27 for a range of specific impulse
and thrust levels, all for a propulsion time of two years.

For lower duty cycles, the propellant weight shown in Figure

27 may be multiplied directly by the duty-cycle fraction to
obtain actual propellant weight. Also shown in Figure 27 are
lines of constant g/m to relate specific impulse and net
accelerating voltage.
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Containment vessels probably will contribute a large
share of the ACCENT system total mass. A detailed design
analysis of aerospace safety features of the ACCENT system
is beyond the scope of the present study, so a definite
‘estimate of containment vessel mass cannot be made here. A
conservative design for the vessel might be a 0,l-inch thick
tantalum wall with an outer coating of ceramic, as discussed
in a later section. To provide some means for making at least
a rough estimate of system weight, it is assumed here that the
containment vessel might be approximated with a 0.125-inch
tantalum wall thickness. Masses of tantalum cylinders are
shown in Figure 28 for a range of diameters and length/diameter
ratios. These values will be used in the example system
optimizations described in the next section.

System Optimization. Total mass of the ACCENT system is one

o0f the most important performance parameters. System mass can
be minimized by choosing optimum design parameters such as
electrogenérator voltage. For example, the combined mass of
the'electrogenerator and the containment vessel can be mini-
mized for ACCENT systems where propellant mass is negligible
and where thruster mass can be assumed constant. Such an
optimization will provide an optimum total system design with
respect to mass.

The combined masses of promethium~147 electrogenerators
and containment vessels for l0-micropound cesium-contact ion
thruster ACCENT systems are shown in Figure 29 for a range of
electrogenerator voltage, electric field strength, and for
two vessel wall thicknesses. Internal support structure is not
included, because the structure mass will depend strongly on
the type of configuration. The structure mass, thrustér mass,
and electrical-system mass could be added to the values shown
in Figure 29 to obtain the total system mass. Propellant mass
is not included because it is negligible compared to the values
shown in Figure 29.

The combined mass of promethium~147 electrogenerators and

containment vessels for 350-micropound charged-particle thruster
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ACCENT systems is shown in Figure 30 for a range of electro-
generator voltage and charge/mass ratio. Charged-particle
thrusters with q/m=1000 coul/kg would provide the lowest
mass shown in Figure 30. However, inspection of Figure 27
indicates that propellant mass‘méy become appreciable, in
fact may become more than the combined electrogenerator and -
containment vessel mass, if a 2-year 100% duty-cycle mission
is specified. A lower duty cycle would reduce the propellant
mass, but it still might be advantageous to operatb, at a
higher specific impulse. This could be done either by in-
creasing the charge/mass ratio at the‘expense of system mass,
or by operating at a higher voltage. ' |

Optimization of fuel-layer thickness can be important
to total system weight, especially if thin support foils
can be used. For example, the primary beta-current densities
for promethium-147-oxide, 90% dense, electrogenerators with
0.5-mil aluminum support foils are shown in Figure 31. The
contribution from rearward-emitted betas is included in
Figure 31l. From this information, the combined mass of the
containment vessel and the electrogenerator for a 350-micro-
pound, 1000 coul/kg charged-particle thruster has been cal-
culated, and is shown in Figure 32. From this particular
optimization study, it can be concluded that a fuel-layer
thickness of 0.002 cm will provide minimum system mass.
However, there is less than 1l~1b difference between the
0.002~cm design and the 0.00l-cm design, so the greatly
reduced radioisotope inventory probably would dictate the
0.001l-cm design.

As illustrated with these examples, the optimization
procedure is straighﬁforward if a mission is specified, and
if the aerospace safety requirements for the containment
vessel are specified.

A final observation can be made from these examples:
the ACCENT system appears to be definitely competitive with
other auxiliary propulsion systemsl, providing the electro-
generator can be developed with small inter-electrode spacings
and with adequately high electric field strengths. ‘




23

AEROSPACE SAFETY CONSIDERATIONS

Aerospace safety has a great number of ramifications
to the design of flight~-prototype ACCENT systems. There
are two primary factors involved in aerospace safety:
nuclear-radiation shielding and radioisotope containment.
Both of these factors can be strongly affected by environ-
mental conditions, by interactions with the spacecraft,
and by abnormal circumstances.

A comprehensive study of aerospace safety considerations
is beyond the scope of the present work, primarily because
of the preliminary nature of the ACCENT design study. When
more definite designs are specified in the future, then a
comprehensive aerospace safety analysis will be possible and
in fact, mandatory. However, it is possible to define a
few basic design parameters that have a direct influence on

the present preliminary design study.
Nuclear Radiation Shielding

Nuclear radiation dose rates from promethium-147 and
strontium-90 radioisotope sources are shown in Figures 33

24 These dose rate

and 34 for various amounts of shielding.
curves include the effect of self-shielding of the bremsstrah-
lung, except for the 1~ and l0-thermal-watt curves in Figure
34 which are simple extrapolations from the 100-thermal-watt
curve for strontium-90. The low-slope portions of the curves
in Figure 33 are due to gamma radiation from the promethium-
146. The steep-slope portions of the curves in Figure 33,

and all of the curves in Figure 34 are due to bremsstrahlung.

““‘" wpen a beta particle leaves the nucleus in the decay
process, radiation is spontaneously emitted and is called
internal bremsstrahlung. When the beta particle is slowed
down in péSging through matter, radiation is emitted and is
called extér@al bremsstrahlung. The relative proportion of
internal and external bremsstrahlung depends on the photon
energy and op'%he material in which the beta is being slowed
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down. For example, the spectral distribution25 of radiation
- produced by the decay of strontiumwyttrium?SO‘and by the
slowing-down of betas in strontium titanate is shown in
Figure 35, At the intermediate energies, from 0.1 to 1,0
Mev, external breistrahlung is about five times as intense
as internal bremsstrahlung; while in the high energy range
above 1.0 Mev, éxternal and internal bremsstrahlung have
about equal intensity. ,

Internal bremsstrahlung is'a function of the nuclear
decay process only, but external bremsstrahlung intensity
is a strong function of the material in which the beta .
particle is slowing down26. This relation between external
bremsstrahlung and the material is illustrated in Figure 36.
If the beta particle slows down in beryllium, the external
bremsstrahlung would be about 1/10 of that generated by the
beta particle slowing down in strontium (atomic number, 38).
While this ideal condition cannot be fully achieved in the
ACCENT electrogenerator, it probably can be approached in
practice to greatly reduce the external bremsstrahlung. For
example, if 0.05-cm fuel layers were used, then inspection
of Figures A7 and B4 shows that only a small portion of the
yttrium-90-end-point beta energy would be lost in passing
through the strontium-90-titanate fuel layer. If the re-
mainder of the beta energy were absorbed in a beryllium
collector, then the external bremsstrahlung would be con-
gsiderably reduced in intensity.

Exact calculation of bremsstrahlung generation and
self-shielding in ACCENT electrogenerators is beyond the
scope of the present work. However, from the discussion so
far, it can be concluded that the dose-rate curves in Figure
33 might be reduced by half an order of magnitude because
of the thin-film configuration of radioisotope in ACCENT
electrogenerators, and because of the additional self-

shielding provided by the support and collector foils.

Estimates of shield-thickness requirements must be
based on the radioisotope inventory, as shown by the
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thermal-power parameter in Figures 33 and 34. Thermal-
watts/microampere of electrogenerator current can be
calculated from the physical properties27 of the radio-
isotopes of interest. This and other parameters of interest
are shown in Figures 37 and 38 for promethium-147-oxide and
strontium-90-titanate electrogenerators respectively. The
information in these figures can be related to thrust level
through the information shown in Figures 4 and 5. For
example from Figure 5, a 1000 coul/kg, l0-micropound, charged-
particle thruster requires 4-nicroamperes of beam current at

a net accelerating voltage of 60,000 volts. From Figure 38,
f=0.05—cm

for such a thruster would have a radicisotope inventory of

a strontium-90-titanate electrogenerator with =

8.3 thermal-watts, or 1220 curies. With the reduction in
dose rate by beta-stopping in beryllium collectors, and by
the additional internal shielding afforded by the collector
and support-foil, the dose rate might be near the l-thermal-
watt curve in Pigure 34. If this were the case, then
strontium-90 ACCENT electrogenerators with containment-vessel
walls of 125-mil tantalum would be restricted to applications
having allowable dose rates above 100~mR/hr. In contrast,
promethium-147 ACCENT electrogenerators with 125-mil (.32-cm)
tantalum containment-vessel walls could be used for appli-
cations requiring as little as 1-mR/hr one meter from the

source.

From this brief discussion of nuclear-radiation shield-
ing, it is concluded that a 125-mil tantalum containment
vessel would provide adequate shielding for promethium-147
ACCENT electrogenerators, but strontium-90 ACCENT electro-
generators might be restricted to applications where fairly
high radiation dosage is allowable.

Radioisotope Containment

For all isotopic space systems where safe return to the
Earth surface and ultimate disposal is a requirement, the
radioisotope fuel must be completely contained under all
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foreseeable circumstances during the following mission
phases or events: o

a. Jlaunch-pad fires, explosiohs, etc.

b. launch and ascent aborts

c. re-~entry from short-lived orbit

d. re-entry after oxbit decay

e. impact and burial after re-entry .
Extensive studies have been madé of theée aerospace safety
requirements for various isotopic‘space sYstem designs. For .
example, a comprehensive analysis has been madezs‘of the
burn-up of a promethium—~147 fuel capsule for the radioisojet
thruster. Studies such as these serve to emphasiie the re-
quirement for total containment of the radioisotope fuel
under severely adverse conditions.

The requirement for total containment has been treated
as well as possible in the present study with regard to k
containment-vessel mass. Total containment requirements
also may be an important consideration in selection of
dielectric type for the ACCENT electrogenerator. If vacuum
dielectric is to be used, then two design philosophies are
possible: ' ,
a. permanent evacuation of the electrogenerator during
assembly, just before final sealing
b. opening of the electrogenerator to the vacuum of
space after a successful injection into orbit, and
permanent closing of the electrogenerator container
after mission completion and before orbit decay and
re-entry
The first of these design philosophies would require retention
of the vaguum foi'the mission duration, which appears feasible
upder the hard—vacuum conditions of space. If the final
seallng of the’ electrogenerator container were done shortly
before launch, then there should be no appreC1able loss of
vacuum during the pre-orbit period. The second design
philosophy would require complex mechanical and electronic-
control devices and probably can be rejected on these grounds
alone.
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A gaseous dielectric appears to be compatible with the
total containment requirement. 1In fact, a high-pressure SF6
dielectric inside the electrogenerator containment vessel
might add significantly to the impact strength of ACCENT
electrogenerators. Reference to Figure 11 indicates that
an SF, gas pressure of about four atmospheres would be
required to support an electric field strength of 106 volts/cm.

Solid dielectrics in the ACCENT electrogenerator would
require either a vacuum or a gaseous environment, so the
discussion above covers this case.

In conclusion, any of the dielectric types could be
compatible with the radioisotope containment requirement, and
it is possible that the gaseous dielectric would improve the
impact strength of ACCENT electrogenerators.



28

RECOMMENDED DESIGN FOR ACCENT’PROTOTYPE SYSTEM

A design for a prototype version of the ACCENT system-
is described in the following sections. ' This design is a
synthesis of the information presented in preceding sections
and some additional considerations that are discussed at each
decision juncture. A fundamental de51gn phlloscphy is maln-‘
tained throughout, that the prototype ACCENT" system must haVe :
enough flexibility to allow economical changes in the develop-
ment program. This design philosophy.iS'followed because of
the multiple choices available for a number of important
de31gn features, and because addltlonal development data is
needed to evaluate the multiple choices in design.

Radioisotope Fuel Elements

General criteria such as availability, half-life, and
nuclear~radiation properties have narrowed the radioisotope
fuel to promethium—~147 and strontium-yttrium-90. The choice
between these two radioisotope fuels, and the recommended
design of the fuel elements, depends on activity decay rate,
nuclear-radiation shielding requirements, overall electro-
generator mass, and fabrication methods. These factors are
discussed in turn, and a recommended design is presented in
the following sections.

Radioisotope Fuel. On the basis of electrogenerator current

density, which has a direct influence on system mass, ‘
promethium-147-oxide is satisfactory for missions up to about
two years duration. For 5-~10 year missions, strontium-90-
titanate is superior because promethium-147-oxide electro-
generators would have an unacceptable degradation in perfor-
mance.

In later sections on electrical design of the ACCENT
system, it is shown that power-flattening probably will be
needed for promethium-147-oxide electrogénerators in order -
to provide a constant thrust level; Because of this power
flatteniﬁq requirement, a voltage-regulation circuit is
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needed, which introduces electronic complexity with attendant
reduction in reliability. Ewven though the voltage~regulation
circuit is very simple compared with other electric propulsion
systems being developed, the reduction in reliability may be a
significant consideration.

In contrast, the strontium-90-titanate electrogenerator
could be operated without voltage regulation. The current/
voltage characteristic of the electrogenerator provides a
stable system when operated with an emission-limited thruster.
Therefore the voltage-regulation circuitry could be replaced
with a simple on-off electronic switch.

Nuclear-Radiation Shielding. This aspect of radioisotope

fuels has been discussed in a previous section and can be
summarized here. Promethium-147 electrogenerators can be
easily shielded with the containment vessel to provide dose
rates of l-mR/hr or less. Strontium-90 electrogenerators
will have higher dose rates, but with careful design the
dose rate may be acceptable for many applications. Further
development and/or study is needed to evaluate the nuclear-
radiation shielding requirements for strontium-90 electro-
generators.

Electrogenerator Mass. Strontium-90 electrogenerators are

basically heavier than promethium-147 electrogenerators.
However, strontium~90-titanate has about twice the current
density of promethium-147 initially, and this factor is

about four at two years mission duration, and much higher

for 5-10 year mission duration. For cylindrical electro-
generators, the diameter is proportional to the cube root

of fuel-element surface area, so diameter is greatly dependent
on fuel-element surface area when the area is relatively
small. Charged-particle thrusters with large values of g/m
have low current requirements, as shown by Figure 5. When
the current requirement is small, the higher current density
of strontium-90-titanate electrogenerators may provide signi-
ficant reductions in ACCENT system mass. Furthermore,
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strohtium-90-titanate electrogenerators can be operated
efficiéntly at much higher voltaQes than promethium~147~oxide
electrogenerators, thereby providing higher specific impulse
with charged-particle thrusters that have low g/m.

Whether charged-particle thrusters can be operated with
low g/m at comparatively high voltage remains to be seen.
Within the present contextl of cesium-contact ion thrusters,
or charged-particle thrusters Wiﬁh q/m=4000 coul/kqg, '
promethium-147-oxide ACCENT systems appear to have éromise
of less mass than strontium-SC—titanate ACCENT systems.

Fuel-Element Pabrication. Various possibie'méthods for

fuel-element fabrication are discussed in Appendix G. From
the chemical or metallurgical standpoint, there appears to
be no significant advantage to either promethium-147-oxide
or strontium-90~titanate in any‘of:thé,methods.

Fuel-layer thickness for promethium-147-oxide must be
no more than 2-mils for efficient use of the radioisotope
inventory. Fuel-layers for strontium-90-titanate are an
order of magnitude thicker. From the purely practical
standpoint of dimensional tolerance, it is clear that the .
thicker fuel layers with strontiumeO-titanate offer a great
advantage. However, this advantage is more‘than'éffset by
the requirement for fabrication in a hot cell when‘strontium—
90-titanate is the radioisotope fuel form. 1In contrast,
promethium=~147-0xide can be handled with much 1éss radiation
protection, thereby greatly reducing the cost of development
of fabrication methods and the cost of prototype fuel elements.

Recommended Fuel-Element Design. It is recommended that

promethium-147-oxide be the radioisotope fuel form for the
ACCENT prototype design. This‘recommendation is primarily
based on the economy of development of fabrication methods,
and on thg”qgeg;ionable possibility of reducing the dose
rate fr@m st;ongiumfgg electrogenerators without unacceptable
increases in syafem weight,

6f'thé'foﬁf eiectrbgénerator configurations shown in

P

N
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Figure 6, only the circular-disc and the flat-plate con-~
figurations have sufficient flexibility to allow economical
changes in design that are desirable during the development
of the ACCENT system. Of these two, the flat-plate config-
uration is the more flexible with regard to support structure.
If the circular-disc configuration were used, the support
structure members would have to be annular discs; while the
support structure members in the flat-plate configuration

can be simple rectangular bars.

To provide a sufficiently rigid structure for the
initial phases of the ACCENT system development, it is
recommended. that the fuel-support foil be 10-mil aluminum.
From the information given in Appendix G, it appears that
1x6-inch cermets are about the largest that can be conven-
iently fabricated at present, so the recommended fuel-element
design is as shown in Figure 39. A margin is provided along
each long side of the fuel element to provide clamping area
for the support structure. This margin also provides ample
area for the transfer of heat from the fuel element. Bolt
holes are provided for mounting in the support structure.

The fuel element shown in Figure 39 has a fuel layer
on both sides. As shown in Figure 32, fuel-layer thickneés
does not have much effect on system mass of ultimate flight-
prototype ACCENT systems with promethium-147-oxide electro-
generators. Thicker fuel layers will be much easier to
fabricate in initial development phases, so a 2-mil (.005-cm)
fuel-layer thickness is recommended for flame-sprayed, hot-
pressed, or evaporated fuel layers. Cermets attached to the
support foil may be somewhat thicker because of the cermet
matrix.

Dielectric Type“

Vacuum, gas, and solid dielectrics are discussed in
detail in Appendix E. Either vacuum or gas dielectrics
have sufficient dielectric strength, and a small enough

leakage current to provide good performance from ACCENT
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electrogenerators. Most solid dielectrics suffer severe
degradation of electrical properties when some value of
total beta-ray dose is reached. It appears that this criti-
cal value of total dose will be more than reached in ACCENT
electrogenerators, so solid dielectrics probably will not be
found suitable.

Optimum designs of ACCENT electrogenerators will have
voltages higher than the minimum-mass values shown in
Figures 29 and 30 because the propellant mass will tend to
drive the specific impulse to somewhat higher values. From
this information, it can be estimated that electfogenerator
voltages of more than 10,000 volts will be of interest for
the ACCENT system. High values of electric field strength
are required to provide small-volume electrogenerators and
hence low-mass containment vessels. Electrode spacings for
various voltages and electric field strengths are shown in
Figu;e 1ll1. For example, a voltage of 30,000 volts and a
field strength of 106 v/cm correspond to an electrode
spacing of g=0.03 cm (11.8-mil). Maintenance of such small
spacings between fuel-elements and collectors of any reason-
able size does not appear feasible with vacuum or gas di-
electrics alone, ie, some means of mechanical support will
be needed to maintain the close spacings required.

Narrow spacers of solid dielectric material appear to
be an answer to the problem of closekspacing between the
fuel~element and collector. A typical electrogenerator
design with solid spacers is shown in Figure 40. Leakage
curreits resulting from the solid spacers will be comprised
of cﬁrxent flowing through the volume of the spacer, and
current flowipg over the surfaces of the spacers. These
two cyrrents cap be calculated if the volume resistivity o
and the surf§ce”resistivity pg are known.

Vojume ypesistapce R of the spacers is:

. fR;(gp)/(nwL) (20)
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where g and w are the dimensions shown in Figure 40,
L is the length of the spacers, and n . is the number of
spacers. Similarly, the surface resistance RS of the
spacers is:

R =(go )/ (2nL) ) (21)
Total leakage current Jlss due to the so0lid spacers is:
Jlss=¢/R + Q)/RS . (22)

Using equations (20) and (21) in equation (22);
T e= ¢ [(WL)/(gp) + (2n1)/(gp,) ]

= [nn /) ] [ tw/e) + (2/00) ] (23)

The number of solid spacers is
n=L/p (24)

where P is the distance between spacers as shown in Figure
40. Using equation (24) in equation (23), and defining a

leakage current density /L2 :

Jlss=Jl,ss

3166 [(0/9) /2] [ (w/0) + (2/0) ] (25)

Surface resistivity is typically smaller than volume resist-
ivity, e.g., for Kapton H-film, p=1018 ohm-cm and pS=lO16 ohm.
Since w {0.l-cm, then the term w/p will be much less than

the term 2/pS ; and the solid-spacer leakage current density
can be approximated by:

31as>(2/0,) (6/9) /P (w/p) ¢ (2/p) (26)

If ps=1016—ohm, ¢/g=106—volts/cm, and P=,2~-cm, then
jlss=10—micro—amp/m2 . A leakage current density of this
order of magnitude is acceptable because it is much less
than the electrogenerator current densities quoted in
previous sections.

Because of the possibility of radiation damage to the



34

solid spacers it is not possible to state definitely that
this design concept will be satisfactory. Solid dielectrics
are known to suffer degradation of volume resistivity and
dielectric strength. From equation (25) it can be seen that
the volume resistivity of Kapton H-film could be degraded by
three orders of magnitude before appreciable leakage occurred
through the volume of the solid spacers. However, only more
exact information on radiation damage to the various kinds
of solid dielectric, or only after development tests of the
ACCENT system, can a definite conclusion be reached with
regard to the solid spacer design concept.

Because of the uncertainty regarding the effectiveness
of solid spacers in the ACCENT electrogenerator, it is
recommended that the prototype design be adaptable to testing
vacuum dielectric, gas dielectric, solid dielectric, and
solid-spacer vacuum- or gas-dielectric versions. This
recommendation is reflected in the final mechanical design

presented in a later section.

Thermal Design of Electrogenerator

Heat produced in the ACCENT electrogenerator must be
rejected either to the spacecraft structure, or must be
rejected to space. Thermal efficiency of the ACCENT electro-
generator is less than 10% because of operation at voltages
much less than those required for maximum efficiency. Because
of the low thermal efficiency, there is not much difference
in heat rejection between thrust-on and thrust-off conditions.

Solid dielectrics suffer appreciable reductions in
volume resistivity and dielectric strength above about 150°C,
as shown in Appendix E. For this réason, the ACCENT electro-
generator is designed for operation with fuel-element temper-

atures no greater than 150°¢.

A typical heat-generation rate in the fuel layer of
. 2 .
promethium-147-oxide electrogenerators is 90 watt/m™ . This
heat rate can be transferred by thermal radiation from a fuel
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element at 150°C to a collector at 400°K. Temperature drop
from mid-point to end of a 6-inch long 10-mil thick aluminum
collector is less than lOC, so heat may be rejected from the
collector support structure or from a radiator at about 400°k
(127°C). If the heat-sink température is 300°x (27°C), then
the heat rejection rate from the radiator will be about 1000
watt/m2 .

Ten micro-pound cesium=-contact ion thrusters require
less than 200 micro-amperes at net accelerating voltages
above 20,000 volts, as shown in Figure 4. From Figure 37, it
can be seen that at 20,000 volts, there is a thermal inventory
of about 0.7 thermal-watts/microampere, so a promethium-147-
oxide electrogenerator for a 10-micropound ACCENT system
would generate less than 140 watts of heat. Radiator heat
flux was estimated (above) at 1000 watt/mz, so a radiator
area of O.l4m2 would be required. For example a radiator
of dimensions 38x38-cm (15x15-inch) would be sufficient.

From this brief discussion, and from the information
in Appendix F, it is evident that the thermal design of ACCENT
electrogenerators is simple and that there should be no
difficulty in striking a thermal balance with the spacecraft

and space environment.
Electrical Design of ACCENT Prototype System

The ACCENT prototype system electrical circuitry must
perform three distinct functions. During the pre-launch
and launch phases of a mission the ACCENT system electro-
generator voltages must be limited to a low level. Once
the mission is underway the circuitry must provide the
desired operating conditions for the ACCENT thruster package
in response to signals from the vehicle command logic cir-
cuitry. Current neutralization of the ACCENT system must be
provided at all times by maintaining the neutralizer current
equal to the thruster exhaust-beam current. All of these
functions can be provided by the recommended electrical design
of the ACCENT prototype system shown in Figure 41. Theory
of operation, sub-system details, and dynamic characteristics



36

of this recommended design are described in the following
sections. '

Theory of Operation. Regulation of the high voltage avail-

able from the ACCENT system primary electrogenerator can be
accomplished with a shunt regulator which utilizes the
electrical impedance of the electrogenerator as its series-
dropping resistor. . For simplicity the shunting device shown
in Figure 41 is a vacuum-tube thermionic diode of conventional
design (eg: 1X2) operated with the cathode (filament) in a
thermally~limited mode. The control of cathode emission is
entirely by control of the filament current. Figure 42 shows
a plot of diode current versus filament power for a 1X2. 1In
the event that commercial wvacuum diodes such as the 1X2 cannot
be flight qualified the design and construction of a replace-

ment with similar characteristics should not be too difficult.

During pre-launch, launch,'and thruster shut-down periods,
the filament current (and thus diode conductivity) will be at
a maximum resulting in a potential difference across the diode
(and thus across the electrogenerator and thruster) of a
relatively small value. When a thrust-on command is received
by the ACCENT system, filament current is decreased to a
value that will result in the proper voltage drop across the
diode (and thus across the thruster package) to assure proper
thruster operation. Thruster high voltage is actively regu-
lated by continucus adjustment of the diode filament current
in response to an error signal generated by a comparison of
the high voltage with a reference signal. The control range
of the regulation circuitry wiil adeqguately compensate for
the decay in activity of the radioisotope fuel over the total
mission time which is illustrated in Figure 3.

Current neutralization of the ACCENT system package can
be accomplished by means of an electron gun regulated so that
the current of electrons ejected into space is sufficient to
maintain the package at a potential no more than a volt or so
-different from the vehicle itself. The electron gun contains
a- control grid that is referenced to the vehicle through a
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suitable isolation resistance. Electron current depends upon
the potential difference between this grid and the electron
gun cathode which is electrically connected to the ACCENT
system ground. Thus the electron current can be controlled
by the potential difference between the vehicle and the ACCENT
system package. If the thruster ion current Ji exceeds the
magnitude of the electron current Je , then the electron-gun
cathode will appear more negative with respect to the control
grid thus resulting in an increase in Jg - The reverse will
also be true, thereby providing for automatic maintenance of
overall current neutrality with respect to the vehicle. A
bias supply will provide the proper design point value of

grid potential to assure proper autogenous operation.

Operation of the ACCENT system thruster will be in the
emission-limited mode thus allowing control of ion beam
current Ji through control of propellant flow. In the
liguid-spray charged-particle thruster, propellant flow is
deﬁermined by the propellant temperature within the propellant-
feed tube, so an electronically controlled heater can be used
to ultimately control the beam current.

The 600-volt bias for the thruster extractor electrode
can be derived in a number of different ways since the current
which must be provided is so small. In the present design
the extractor potential is derived from a\secondary electro-
generator shunted by a suitable resistance to provide a
nominal 600-volt source. To avoid the requirement for active
regulation of this bias voltage, a small strontium-90 electro-
generator could be used in this roie.

Details of the various components of the overall electrical

circuitry are discussed in the following sections.

Electrical Inverter. A main power inverter is required to

provide the necessary operating power to the various com-
ponents of the system. The input to the inverter in the
present design is the vehicle 28-volt direct-current power
buss. If the propellant heater power could be supplied from
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the thermal power being rejected from the electrogenerator,
and if the neutralizer filament could be heated by a radio-
isotope heater, then the small amount of remaining power for
the electrical circuitry ﬁight be supplied by thermoelectric
generators operating on heat rejécted from the electro-
generator. Such refinements in design were considered to

be too advanced for the present state of development of the
ACCENT System, but are included in the recommended develop~
ment program described in a later section.

The design of the inverter shown in Figure 43 is along
conventional lines and provides for two different electrical
outputs; a 100 volt, 10 kHz square wave, and a 5~volt direct-
current output to power the control circuitry.

Main Voltage Regulator. The main voltage regulator consists

of the shunt vacuum diode and the diode -filament current
regulator shown in Figure 44. A constant-voltage supply
consisting of Tl, CR1-4, L1, Rl, CIl, and VRl provide power

to the diode filament through the series resistance R2. This
resistance is chosen so that the filament power is low enough
to assure approximately zero diode conduction due to the lack
of thermally—generated cathode electrons. For the 1X2 diode
this filament power level is approximately 0.02 watts,
Transistor Ql when in a conducting state serves to shunt
current around R2 thus increasing the diode filament power
and resulting in a higher diode conductivity. The control of
Q1 is obtained from a comparison of the magnitude of the
thruster high voltage with a reference voltage provided by

R5 and VR2. The voltage divider formed by R7 and RB reduces
the high voltage signal to the level of the reference. The
two signals are compared in a conventional integrated circuit
operational amplifier, AMP, whose output is the control signal
to Q1 through R3. A command logic signal acting through R4
will overide the effect of the reference voltage when it is
desired to shut down the thruster.

Propellant Heater Supply. This supply is shown in Figure 45

and includes transformer Tl which matches the propellant
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heater impedence to that of the main inverter square-wave
output, and provides high-voltage isolation for the heater.
The current input to Tl is controlled by a series magnetic
amplifier device which is in turn controlled by transistor
Ql. The control signal to Q1 is derived from a comparison
of the desired thrust level, as defined by a signal from
control logic, with a signal proportional to the neutralizer
current, Je . Since propellant flow, and thus thruster beam
current J. , is determined by heater power, and since J
and J; will be equal (on a net basis) the effect will be

that of beam current regulation.

e

The signal representing Je is derived by passing all
ejected electrons through R4 thus developing a voltage egual
to R4 x Je and of the order of 1 volt at design beam current.
The function of AMP is to compare the beam current signal
with the command logic signal and then adjust the conduction
of Ql accordingly. Electrical damping must be provided in
this circuitry to prevent excessive oscillation of the pro-
pellant heater power. The amount of damping and the method
used to provide it will depend heavily on the thermal charac-~
teristics of the heater and the propellant tube.

Diodes CRl and CR2 provide protection for Q1 by shunting
out any stray transient signals that might otherwise damage
it.

If it is desirable to monitor the heater-current, then

transformer CTl can be included to provide a signal propor-
tional to this current.

Neutralizer Filament Supply: Figure 46 shows the ciréuitry

that supplies power to heat the neutralizer filament. This
circuit operates in the same manner as the propellant heater
supply with the exception that the control is simply on/off
as determined by the command logic control signal.

Neutralizer Grid Bias Supply. This supply is a simple

zener~regulated bias source as shown in Figure 47. The
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design voltage is chosen to match the characteristics of the
neutralizer electron gun and to make up for the voltage drop
across R4 in the propellant heater supply. The value of- the
bias voltage will only be a few volts for any conventional
electron gun design. The supply is referenced to the vehicle
ground through R2 which provides sufficient isolation to ’
assure that essentially no current will flow between the
vehicle and the ACCENT system package, and thus assuring that
the overall vehicle potential will not be affected through
operation of the ACCENT system thruster.

Power Requirements. A listing of the power required for the

ACCENT system circuitry is as follows:

1. Main voltage regulator:
control power = 0,1 watt
filament power = 0.08 watt (max)
electrical efficiency n =.95
Pin=(0.1+0.08)/.95+0.19 watt

2. Neutralizer filament supply:
filament power = 0.4 watt
control power = 0.1 watt

n= 0,95
Pin=(0.4+0.l)/0.95=0.53 watt

3. Neutralizer grid bias supply:
regulator power = 0.0l watts
n =1
Pin=0.01/1=0.01 watt

4. Propellant heater supply
heater power 0.9 watt
control power 0.1 watt
n=0.95
Pin=(0.9+0.1)/0.95=l.05 watt
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5. Command Logic power
control power # 1.0 watt
Pin=l.0 watt

Total power from inverter = 2.72 watts
Inverte: losses = 0.15 watts based on the following:

nominal B = 50

Vsat = 0.3 volts

VBE = 1.3 volts
sat

Switching time = 100 nsec (eg: 2N2538)
Frequency = 10kHz (
Transformer loss = (2.724+0.15)/0.98 = 0.06 watt
Total input power to inverter = 2.93 watts
ie: = 107ma x 28 volts

Overall Dynamic Characteristics of Electrical System. The

time response of all parts of the ACCENT system electrical
circuitry is orders of magnitude faster than that of the
electrogenerator. This is due to the large electrical
capacity and relatively high impedance inherent in the design
of the electrogenerator.

Because of the large shunting capability of the voltage
regulator, turn~off of thruster voltage can be accomplished
almost instantly. However, the turn-on time will be completely
controlled by the charging time of the electrogenerator
capacitance, Figure 48 shows a simplified equivalent circuit
of the electrogenerator, voltage regulator, and thruster. The
total surface charge Q in thé‘g;ectrogenerator is (for
plane parallel electrodes): .

0=cs(0/9) (27)

where ¢ is electrogenerator voltage, g' is the inter-electrode
spacing, S is the fuel-element surface area, and ¢/g is
the electric field strength. Charging time t is:

t=c (4/9)S/0= ¢(4/9) /3 o (28)
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where Q 1is the rate of charge accumulation, and j is the
electrogenerator current density. Charging rate ¢ is:

4=/ (eq) (29)

For example, an electrogenerator with a current density of
‘100 micro-amp/m2 and an electrode spacing of 10-mils will
have a charging rate of about 3.5 kilovolts/sec. For the

100 micro—amp/m2 current density, an electrogenerator with an
electric field strength of 106 volts/cm will have a charging
time of 8.9 seconds. With a field strength of 105
the charging time will be 0,89 seconds.

volts/cm,

In normal operation thrustek voltage (and thus the charge
on the electrogenerator capacitance) will be maintained at a
constant value, thereby eliminating the effects of circuit
time-constant as a consideration. However, in the event of
an electrical breakdown in the thruster the electrogenerator
capacitance must be discharged to reduce the voltage to a
low enoﬁgh level to clear or extinguish the breakdown. Since
arc breakdowns are low-impedance phenomena the discharge time
will be guite short (1<100ms.) despite the relatively large
value of capacity (C=.05ufd/m2). If the arc discharge does
not extinguish until the electrogenerator charge is reduced
to essentially zero then the recharging time will be as given
by equation (28). In cases where the arc is cleared at a
voltage somewhat greater than zero the recharge time will be
commensurately shorter,

0f further concern is the effect on thruster performance
of losing high-voltage regulation. Because of the simplicity
of the shunt regulator, parallel vacuum diodes can be included
to provide regulation in the event of primary diode failure.
The possibility still remains that all redundant diodes might
fail, in which case there will be no high-voltage regulation.
The type of failure to be expected in the case of vacuum
diodes should be filament failure resulting in a loss of
 diode conductivity. With this type of failure, the upper
limit on the value of the high voltage will depend on
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electrogenerator characteristics, or on the characteristics
of the thruster. Figures 49 and 50 Show‘plots bf typical
operating conditions for both the cesiﬁm-contact ion thruster
and the charged-particle liguid-spray thruster operated both
normally and with complete regulator failure.

with emission-limited operation of the cesium-contact
ion thruster, loss of voltage regulatiOn will cause the
thruster voltage to increase to the electrogenerator
current/voltage characteristic curve, Some increase in
neutral-atom fraction can be expected, which would tend to
reduce the life of the thruster accel electrodes.l

With propellant-flow-limited operation of liquid-spray
charged~particle thrusters, loss of voltage regulation will
cause both the thruster voltage and current to increase to
a point on the electrogenerators current/voltage character-
istic curve. This trend is due to the reduction in g/m

with increasing thruster voltagez9

;, thereby causing the
current'to increase as a consequence of the constant propellant

mass—-flow rate.

It is clear from these characteristics that gross failure
of the regulation system will only result in operation at a
somewhat higher thrust level. The amount of excess thrust

will depend on the type of thruster and on the age of the

mission (ie: on the remaining activity of the electro-

generatoyr fuel).

Mechanical Design of ACCENT Prototype System

A racommended mechanlcal deslgn of the electrogenerator
for the ACCENT prototype system is ‘shown in Figures 51 and
52. Th;s deqign has five rectangglar flat-plate fuel elements.
Each face of the fuel element has a fuel layer l-inch wide and
6-inch long, as shown in Figure 39. This amounts to a total
fuel-layer surface area of 60 in® (387 cm?). With a 2-mil
(0.005-cm) promethium-147~oxide fuel layer, the total radio-
isotope inventory is 1.935 cm3 which corresponds to 9710
curies and about 3.5 thermal watts. At a nominal operating
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voltage of 20,000 volts, the primary beta current deﬁsity
should be about 170 micro—ampereS/mz; and accounting for
23% leakage current, the electrogenerator current would be
about 5 micro-amperes.

Spacing between the fuel elements and collectors can be
varied by changing the side and end spacers. The fuel-element
assembly, and the collector assembly, are électrically isolated
from local ground by insulators. After assembly, the fuel-
elements and the collectors can be tensioned with the tension
screws.

Assembly can begin with inserting the studs into the
lower element plate and element insulators, and into the
lower collector plate and collector insulators. Then the
lower side pad and lower side block can be slipped over the
studs, followed by a fuel element. Then the lower end pad
and lower side pad can be slipped over the studs, followed

by a collector. Then element spacers and another fuel element

)

can be placed, followed by collector spacers and a collector,
and so on until the assembly is completed. Final adjustments
can be accomplished by tightening the stud nuts and the
tension screws.

The rectangular flat-plate design probably would be the
most economical in the early phases of development of fuel
elements for the ACCENT electrogenerator. However, the
circular—-disc geometry has flat fuel elements and collectors,
and may be sufficiently economical in fuel form development
work. Rectangular flat-plate configurations are not desirable
‘for packaging in a cylindrical containment vessel; flight-
prototype electrogenerators probably will have either the
coaxial-cylinder, spiral-wound, or circular-disc geometry as
illustrated in Figure 6. If the recommended rectangular
flat-plate electrogenerator design were chosen and used in
the development program, the work in that program probably
- would not be truly realistic because the rectangular flat-
plate geometry is unlikely to be used in flight-prototype
systems. If a circular—disc electrogenerator geometry were
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used in the development program, then the work would certainly
be realistic. For these reasons, an alternate recommended
design is included here.

The alternate recommended design is shown in Figures 53
and 54, and has the following design characteristics:

radioisotope fuel: promethium~l47-oxide, 90% dense
fuel-layer thickness: 2-mil (0.005 cm)

thruster: 4000 coul/kg liquid-spray

thrust: 10-micropound

specific impulse: 1300 sec.
" mission duration: 2-yr

voltage: 20,000 volts

beam current: 24 micro-amperes
electrogenerator j : 132 micro-—amp/m2
fuel-layer surface area: 1830 cm2
fuel-element diameter: 5-cm

number of fuel elements: '40
‘radioisotqpe inventory: 9.15 cm3 , 45,900 curies,

16.4 thermal-watt

thermal load: 16.4 watt, thrust-off; 15.9 watt, thrust-on
nominal inter-electrode spacing: 0.040-inch (l-mm)
fuel-support foil: 10-mil aluminum

collectors: 10-mil aluminum

radioisotope mass: 60.3 gram

support foil mass: 47.8 gram

collector mass: 49.0 gram
sub total: 157.1 gram (0.35 1b)
containment vessel: 125-mil tantalum

cont. vessel inside diam.: 5.2-cm

contain. vessel L/D: 2
contain. vessel mass: 1200 gram (2.65 1b)
TOTAL 1357 gram (3.0 1b)

If the inter-electrode spacing could be reduced to 0.008-inch
(0.2-mm), then the cylinder L/D would be less than 1.0, and:
the containment-vessel mass would be only 700 gram (1.55 1b)
and the total would be only 1.9 lb. A spacing of 8-mil and
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a voltage of 20,000 volts results in an electric field
strength of lO6 volt/cm.

The alternate recommended design is intended to be
realistic in all regards. A containment vessel is provided
that should be more than sufficient for radiation shielding,
since the 125-mil tantalum walls are about twice as thick as
necessary. Collector and fuel-element discs (shown in Figure
54) are mounted on studs, three studs for the collectors, and
three studs for the fuel elements. Each stud is bottom-
screwed into tantalum plugs, which in turn are mounted in
insulators, which in turn are mounted through the tantalum
containment vessel bottom plate. Collectors and fuel elements
are alternately stacked onto the threaded aluminum studs. For
example, each collector (see Fiqgure 54) has three holes to
receive the three collector studs. Each collector also has
three relief slots through which the fuel-element .studs and
spacers can pass without cbntacting the collector. Spacers
maintain the desired spacing between the collectors and the
fuel elements. This spacing can be changed by using alter-
nate sets of spacers. All spacers are made from aluminum
tubing to fit easily over the studs, and have precision

lengths to prevent accumulation of positioning error.

Electrical contact with the electrogenerator can be
made by attaching electrical leads to the tantalum plugs.

Heat generated in the electrogenerator can be rejected
from the surface area of the containment vessel, which is
x6x11.3 + 2xwx32 = 270 cm2 . With an emittance of unity,
the 16.4 watts of heat can be rejected to surroundings at
300°k (23°C) if the containment vessel has a temperature of
3199k (420C). Heat generated in the electrogenerator can be
transferred from the cylindrical array of collectors and fuel
elements from the outer area of the array, which is
7x5x10 + 2xnx2.52 = 196 cm2 ,yto the containment vessel.

With an emittance of unity, the 16.4 watts can be transferred

if the fuel element and collector assembly is maintained at
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425°k (152°C). This is an acceptable operating temperature,
so additional heat rejection surfaces are not needed. It is
notable that this Qperating temperature will be reached only
when the containment vessel is thermally isolated in a high .
vacuum. If the vessel is mounted to a heat-conducting
support structure, the operating temperature will be lower.
Furthermore, conduction of heat along the aluminum studs and
aluminum spacers to the tantalum plugs has not been included
in the calculations, and this mode of heat transfer will
also reduce the operating temperature.

For convenience in performing tests with the ACCENT
prototype system, both the bottom plate and the cover plate
of the containment vessel should be bolted to the cylindrical
portion. Two cover plates should be provided, one with a
fitting for attachment to a high-pressure SF6 system, and the
other with a fitting for attachment to a vacuum system.

e
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RECOMMENDED DEVELOPMENT PROGRAM FOR ACCENT SYSTEM

A two-phase program is recommendedfor the development of
the ACCENT system to a flight-prototype status. The first
phase of this recommended program'wouldjinclude the fabrica-
tion and testing of the prototype design described in the
previous sections, with a simulated thrusterQ',The second
phase would include aerospace safety analysis and design,
assembly of a total flight-prototype ACCENT system including-
a liquid-spray thruster, and performance testing.

Principal items in the first phase of the recommended
development program are as follows:
a. fabrication and assembly of circular-disc electro-
. generator without radioisotope fuel

b. construction of electrical system

c. construction of test console, with thruster simulator

d. electric tests of cold electrogenerator with vacuum,
SF6, so0lid dielectric, and solid spacers; with
design changes and adjustments as required

e. vacuum~deposition of promethium-l47-oxide onté fuel
elements 'A

f. performance tests of system with simulated thruster
load, over a wide range of conditions

In the interest of obtaining realistic test results, it is
recommended that the complete 40-element circular-disc design
be planned’for this phase of the development program. This is
of particular importance in assessing the effectiveness of the
thermal design of the electrogenerator, and in determining the
influence of the total electrode surface area on leakage

current and electric breakdown limits.

Upon the successful completion of the first phase of the
development program, it is recommended that a fiight—prototype
devélopmehtvphase'be initiated. This second phase would
include the following principal items:

L
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a. design of flight-prototype system, baséd on the results
obtained in the first-phase tests

b. aerospace safety analysis, resulting in a firm design
for the containment vessel |

c. refinement of fuel-element design and fabrication

' methods to a satisfactory quality level

d. construction of a liquid-spray thruster

e. construction of flight-prototype system

- f. test of flight-protoype system

Finally, it is recommended that other applications for
the ACCENT electrogenerator, such as auxiliary power, should
be considered wherever possible without undue expense to the
ACCENT system development program.
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FIG. 2 - ACCENT system with liquid-spray thruster (autogenically-controlled-

colloid-electro-nuclear-thrust system).
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characteristics for l0-micropound thrust.
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FIG. 13 - Number of 1x6-in fuel elements required in Pm203.
90% dense, electrogenerator for l0-micropound
charged-particle thruster. Fuel-layer thickness,
Tf=.005 cm, two sides of 10-mil aluminum support
foil.
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APPENDIX A

BETA ENERGY SPECTRA

Beta-decay energy spectra are conventionally presented
in Fermi-Kurie plots such as shown in Figure Al, where N(n)
is the number of betas per unit momentum interval, n is
the electron momentum after ejection from the atom in units
of mc, m is electron mass, c is the speed of light, F is
the Fermi function, and W is the total energy of the electron

in units of mcz. The following relations are of interest:
n2=w?-1 (1)
E = mc?(W-1) (A2)
mc2 = ,5109 Mev (A3)
N(E) = N(n)/[1-(1/m) %] (a4)

With these relations, the shape of the energy spectrum,
N(E) versus E, can be obtained. Then the spectrum function
f(E) versus E can be obtained by normalizing the N(E) plot
to conform to the identity:

j; f(E) dE = 1 (A5)

This method of obtaining the energy spectrum f(E) versus E
is described in detail in the following paragraphs using
the Fermi-Kurie plot (ref. Al) strontium-90 as an example.

Because of the final normalization of N(E) to obtain
£(E), the units of the ordinate of the Fermi-Kurie plot need
not be defined. For convenience in the analysis, arbitrary
units of 0 to 7 can be assigned to ordinate of the Fermi-
Kurie plot shown in Figure Al. Conversion from the Fermi-
Kurie plot to N(E) is shown in Table Al. End-point energy
in Table Al was obtained from ref. A2, and the end-point

values of W and n were adjusted to this value of end-point
energy. It should also be noted that the Fermi-Kurie plot



A2

is nonlinear because the beta decay of strontium-90 is a
forbidden transition. '

Columns 1 and 2 of Table Al are obtained directly from
the Fermi-Kurie plot, and columns 3,4, and 5 are simple
calculations as indicated. The Fermi function F listed in.
Column 6 was obtained for each value of n from ref. A3. As
described in the NBS Tables, F is a function of the electron
momentum n and the atomic number 2 ofbthe daughter atom.
Strontium-90 decays to yttrium-90, so %Z=39. The remainder of
the columns, 7 to 11, are simple calculations as indicated.
The resulting energy density function N{(E) can be plotted
against E as shown in Figqure A2. ' |

The plot of N(E) versus E can be normalized to obtain
the spectrum density function f(E), which must conform to
the identity expressed by equation (5). The energy density
function f£(E) for strontium-90 obtained in this way is shown
in Figure A3.

Beta energy spectra for yttrium-90, promethium-147
(ref. 24), and thullium-170 (ref. A4), calculated by the
same procedure and are shown in Figures A4-A6. A combined
enerqgy spectrum for the strontium-40, ytrrium-90 decay process
is shown in Figure A7.

Beta~energy spectra can be calculated from semi-empirical
relations such as described in ref. A5. These relations could
be incorporated directly into a computer program. However,
for the purposes of the present study the Fermi-Kurie-plot
method was used in the interest of expediency, and clarity
of detail for better fundamental understanding from the
engineering viewpoint.
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APPENDIX B

BETA RANGE - ENERGY

Range-Energy data for beta particles passing through
matter are‘cdnventionally presented in terms of range in
milligrams/cm2 as a function of beta enefgy. Data from
refs. Bl and B2 are summarized in Figure Bl. |

For betas passing through materials other than alum-
inum, the correction factors given in ref. B3 can be used
to obtain the range R in centimeters:

R = (1/0) (13/27) (A/%) (mg/cmz)Al (B1)

where o is the density in mg/cm2 of the material, Akis
the average molecular weight of the material, and 2 is
the average atomic number of the material. The range
equation (Bl) can be expressed as:

R= CR(mg/cmz)Al ~ (B2)

where CR is the range coefficient. Values of the range
coefficient for a number of radiocisotope fuel forms and

materials are listed in Table Bl.

Beta range-energy plots for promethium-147-oxide,
promethium-147-metal, thullium-70-oxide, and strontium-90-
titanate are shown in Figures B2-B4. These range-energy
relations were obtained from equation (B2), Figure Bl,
and Table Bl. The range-energy relations shown in these
figures must be treated as approximations only, since the
paths of beta particles through material are not straight
lines. However, the random paths probably average out,
so that the range-energy relations can be used in electro-
generator performance calculations with confidence, péftic—

ularly since the relations are based on experimental data.
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TABLE Bl. Range coefficients for various radibisotope
fuel forms, and materials. '

material or 3

fuel form g,mg/cm (p/2) : ‘cRi cm3/mg
Pm (metal) | 7,300 2.41 .000159
Pm203(90%.dense) 6,600 2.34 .000171
Tm,04(90% dense) 8,600 2.39 2000134
SrTi0;(90% dense) 3,700 2.19 ~.000284
Al A 2,400 2.08 .000417
Be | 1,800  2.25 .000600
B 2,300 2.16 .000493
cd 8,600 2.33 .000131
c 1,620 2.00 .000594
Cr 7,140 2.17 .000149
Cb , 8,400 2.27 .000130
Cu 8,300 2.19 .000127
Au 19,300 2.50 .000062
Fe ' 6,900 2.15 .000150
Pb 11,340 . 2.53 .000107
Mg 1,570 2.03 .000620
Mo 10,200 2.29 .000108
Ni 8,900 2.10 .000113
Pt 19,000 2.51 . .000066
si 2,400 2.00 ~.000401
Ta 16,600 2.48 .000062
Ti 4,500 2.18 .000233
W 19,300 2,49 .000062
7n 6,700 2.18 .000157

Zr 6,400 2.28 .000171
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APPENDIX C

ELECTROGENERATOR CURRENT

Electric current carried by the beta particles across
a vacuum gap from the emitter to the collector, against an
adverse potential field, can be calculated using the beta-
energy spectra and the range-energy relations that were
described in preceding sections.

Beta particles emitted from a differential unit volume
within the fuel .layer will have an isotropic distribution
as shown in Figure Cl. The fraction Ns/No of beta flux that
passes through the area 275 (rsine) (rde) on the surface of an
imaginary sphere of radius r is:

N /N, = (2nr2sinede) /4rr? = 1/2sinedoe (C1)

where N is the total beta flux leaving the differential
unit volume.

Beta particles emitted from a unit volume located at
a distance =x below the surface, and emitted at an angle
from the surface normal will travel a distance x/cos® to
reach the surface, as shown in Figure C2. In passing through
the material for this distance, the betas will lose energy
and will have an energy ES at the surface. The energy ES
can be found from the range-energy plots by entering the
plot at energy Eo’ finding the value of Ro at Eo’ and sub~
tracting the increment in range x/cos® to find Ry at ES:

R, = R, = x/cos0 (C2)

The energy ES corresponds to the value of RS on the range-

energy plot, as shown in Figure C3.

The fraction of total beta particles emitted from the
unit volume between © and (6+d0) is (1/2 sino deo) f(E)d4E .
This'fractionvis a function of 0 and of E,, as shown in
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Figure C4. The energy‘Emin
and the angle 0 by range-energy condition Ro=x/COS@ , as
shown in Figure C5. 1In other words, betas with energy

Eoin will reach the surface with energy Es=0,.having 1ostg
all their energy while passing through the distance x/cose .
There is an angle Onax Pevond which no betas will reach the
surface, and this maximum angle is related to the end-point
energy E ‘ '

is related to the energy Eo

max PY?

R = x/cosem

max '(C3)

ax
where Rmax is the range corresponding to the end-point

energy Em as shown in Figure C5.

ax
With the preceding relations, the fraction of total

betas emitted from the unit volume between © and (0+do)

can be determined as a function of E as shown in Figure

C4. When there is no potential difference between the

emitter and collector, the contribution to electrogenerator

current from betas emitted between 0 and (e+de) is simply:

E
£(e)do = (1/2 sinodeJ MaX¢ (E) B (c4)
Emin
and this contribution can be represented as a function, of
0 as illustrated in Pigure C6.

When a (retarding) potential difference ¢ exists
between the emitter and collector, then only the betas with

surface energy ES>E can travel to the emitter, where:

s,min

E = ¢/cos0 ' | . (C5)

s,min

as illustrated in Figure C2. For each value of ¢ and of o0 ,

there will be a particular value for E in 25 illustrated in

n
Figure C7. For each value of ¢ , the contribution to

electrogenerator current from betas emitted between ©
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and (0+de) will depend on the value of Eg min 25 shown in
Figure C8. The contribution to electrogenerator current
can be calculated from equation C4, with a different wvalue
of Emin for each 6 and ¢ , with a result such as shown in
Figure C9,

The portion of electrogenerator current contributed
by unit volumes located at a distance x below the fuel
layer surface can be represented by:

max ’
£ (x) =f f(o)de (C6)

o

which is merely the area under the curves shown in Figure
C9. This integration can be performed for a range of values
of x to obtain the information illustrated in Figures Cl0-
Cl2 for the radioisotope fuel forms promethium-147-oxide,
thullium-~170-oxide, and strontium-90-titanate, respectively.
A digital~computer program for calculating the function

f(x) is presented in Appendix D.

Electrogenerator current density j can be determined
from the information presented in Figures Cl10-Cl2 by in-

tegration over the fuel-layer thickness Te ok

Tf 2
j = eNJr f(x)dx {(amp/cm”) (C7)
o .

1

where e is electronic charge (1.6x10 9coulomb) and N

is the volume activity of the radioisotope fuel form (beta

emissions/sec-cmB). The current density Jj is the electro-
generator current per unit emitter surface area. Volume
activities of radioisotope fuel forms are listed in ref. Cl:
promethium-147-oxide, 5018 curies/ém3 ; thulium-170-oxide,

4550 curies/cm3 + strontium-90-titanate, 139 curies/cm3 .
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With these volume activities, the current densities are:

Pm-147 3 Te 2

(Pm.,0,, 90% dense)d = 299x10 df'fxx)dx' uamp/m (c8)
273 o

Tm-170 t

t

£
. 2 2
(Tm,0,, 90% dense) J 271°X1°_[;fKX)dx,uamp/m (c9)
. te :
, 90% dense) j= 827xlOJr f(x)dx,uamp/m2 (C10)
3 (o]

Sr-y¥-90
(SrTio

Beta~-current densities computed from these equations are

shown in Figures C13-Cl5.

REFERENCES

Ccl. Rohrmann, C.A.: Radioisotopic Heat Sources. AEC
Research and Development Report HW-76323, REV 1,
(15 Ooct. 1963).
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Unit volume of radioisotope
in fuel layer

FIG. ¢l - Isotropic emission of beta particles from
a unit volume of radioisotope in the fuel layer.
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FPIG.C2 - Energy loss of beta particles
in fuel layver,
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R,

Range,

£(0) = (1/2 sinede) [f(E)dE]

c6

Beta energy, E, Mev

FIG. C3 - Determination of beta energy ES at fuel-

layer surface.

X = X
lcm

6, radians

E E

Emin , max

FIG. C4 - Fraction of total beta flux that is

emitted from unit volume at energy E
and at angles between © and (e+de).

e



:

E0=Emin'

Emax(end-p01nt)

FIG. C5 - Range-energy condition for Emin .

max
f(E)dE
min

E
(1/2 sin@d@%[
E

f(o)

0 Omax ]

FIG, C6 ~ Contribution to electrogenerator current
by betas emitted between 0 and (0+dQ).
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Range R,

(1/2 sinedoe) ['f(E)dE]

c8

Beta energy, E, Mev

FIG. C7 - E_.
m

in for a particular value of E

s,min .

E

FIG. C8 — Fraction of total betas emitted at energy E
and at angles between 0 and (0+de) for
various values of electrogenerator voltage ¢ .

Ry



max

E
fle)y=(1/2 sinede)ff(E)dE
Emin

c9

FIG. C9 -~ Contribution to electrogenerator current
by betas emitted between 6 and (6+de) for
various electrogenerator voltages ¢ .
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APPENDIX D -

DIGITAL COMPUTER PROGRAM FOR CALCULATION
OF ELECTROGENERATOR CURRENT

A digital computer program for calculation of electro-
generator current is presented in entirety in this Appendix.
Essentially, the computer program calculates values of the
definite integrals in equations (C8) to (Cl0) in Appendix C.
Notations used in this program are related to the notations
of Appendix C as follows:

REZ = tabulated values of range, R, cm

FEZ = tabulated values of spectrum density function,
£(E), (Mev) %

FXTE = (%sine)-. £f(E)

ESA = beta energy, E, Mev

FXP = f(x)

FXTP = f£(0)do

EZS = end point energy in beta spectrum, Mev

DELEZ = increment in values of E in R and f(E) tabu-
lations

X = depth in fuel layer, x, cm
PHI = electrogenerator voltage, ¢, Mev
THETA = angle from surface normal, 0, radians
TH = angle from surface normal, 0, radians

THMAX = maximum value of angle from surface normal, 9 '

. max
radians
ESMIN = minimum value of beta energy for given values of
EO and o, Emin’ Mev :
DELR = increment in range, RO—RS , ¢cm
RN = value of R at fuel-layer surface, Rs , om
R=value of R at E_, R_, cm
o o}
FES =

beta energy at fuel-layer surface, Es’ cm
FTH = % sine

The computer program is shown on the following pages.
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APPENDIX E

DIELECTRIC BETA LOSSES AND LEAKAGE CURRENTS

Three types of dielectric can be considered‘for the
ACCENT system electrogenerator: vacuum, gas, and solid.
Each of these has certain advantages and disadvantages, as
discussed in the following sections. The function of the
dielectric is to preserve the potential difference between
emitter and collector by preventing electric breakdown, and
to perform this function with a leakage current that is small
compared to the electrogenerator current. At the same time,
the dielectric should have properties conducive to the design
of a compact, light-weight electrogenerator. High dielectric
strength, high resistivity, and high range coefficient ar:
desirable characteristics. High range coefficients for gas
and solid dielectrics are required in order to minimize beta
energy loss in passing through the dielectric.

Vacuum Dielectric

The phrase vacuum dielectric is probably misused in the
literature because experiments usually have been done in

partial vacuums {e.g. above 10”10

torr) where adsorbed gas
films may have much to do with leakage current and breakdown
voltage. For example, recent experiments (ref. El) have
shown that a residual gas pressure can provide more than an
oxrder of magnitude inérease in the threshold voltage for
significant pre-breakdown currents. These experiments in-
dicated that the threshold voltage is much more than 600,000
volts Whéh the "vacpum" dielectric contains about 10 %torr
of nltrogen gas, for electrodes with about one square metexr
of surface area spaced at 3Q cm, for a pre~breakdown current
thresheld of 20 mlcroamperes, (The electrode area of one
square neter is of the order of ACCENT system electrogenerator

electrode areas, and the 1eakage curreqt of 20 microamperes/m
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.is fairly small compared with the electrogenerator current
densities quoted in Appendix C.) ‘

For high vacuum conditions where adsorbed gas films
have negligible effect on pre-breakdown currents, the
Fowler-Nordheim theory (refs. E2, E3) is in excellent agree-
ment with experiment as shown by some recent work (refs.
E4~-E6). The Fowler-Nordheim theory is based on a model where
microscopic protrusions from the electrode surface have high
local electric field strength because of the very. small radius
of curvature of the tip of the protrusion. (Existence of such
protrusions has been experimentally verified, and they are
presumably present on the surface of all engineering materials,
but their formation is not yet understood, ref. E7).

Considerable attention has been given to the Fowler-
Nordheim theory, resulting in the following expression (ref.
E5) for pre-breakdown leakage current Jq p (amperes) :

14
s_6%¢2

- ¢ gf
J, _ =1.54 x 10728 exp[-6.83 x 107 W2} (g1)
1,p 2 :

¢wg fl f¢

where Se is the electrode area that actually emits electrons
(ie, the emission area of the protrusions), 8 1is a field-
amplication factor (typically 100 to 300), ¢ is the voltage
between the electrodes, ¢w is the electrode work fuhction,

g 1is the inter-electrode gap (spacing), and fl -and f2

are slowly varying functions of E%/qbw . Values of g for
electrolytically polished copper electrodes have been found
to vary between 140 and 247 over a range of electrode gaps
from 0.3 to 1.9 mm, although this variation was not regular
(ref. E5).

A typical variation of pre—breakdown leakage current
with applied voltage 1s shown in Figure El (ref. E5).  From
the slope of this data, B was calculated to be 248, and the
(protrusion) emissiohigrea wéé'dgtermined from equation (EI)

s
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to be S, = 4.8 x 10—12 cm2 . The measurements reported in

ref. E5 were taken at pressures of 10_9 torr, so surface gas
films should be absent or negligible and the data should be

applicable to the ACCENT electrogenerator design. However,

there is no known way of fabricating electrodes with a

specified emission area S;'.

In the absence of firm design criteria, recourse must
be made to flexibility in the design. By inspection of
equation (El), it is evident that the pre-breakdown leakage
current is strongly dependent on the applied field strength
¢/9 . For example, a 10% reduction in field strength in
the upper-voltage range of Figure El results in an order-of-
magnitude reduction of pre-breakdown leakage current. This
implies that a 10% increase in the electrode spacing would
achieve the same effect. In fact, this observation is borne
out by the data of ref. E5 for copper electrodes with spacings
from 0.3 to 2.0 mm, and there is every reason to believe that
the same trend would be valid for aluminum electrodes since
the work functions are nearly the same (Al, 4.08 ev; Cu, 4.2
ev; W, 4.5 ev).  From this discussion, it is reasonable to
design the electrogenerator with provision for changing the
electrode spacing somewhat in order to achieve negligible

pre~-breakdown leakage currents.

In the light of the discussion so far, it is not sur-

prising that firm design parameters are not available for

vacuum electric breakdown. Applied field strengths of more
than 106 v/cm over an electrbde—spacing range of 0.05 mm to
1.0 mm have been measured (ref. E8) after conditioning of
electrode surfaces with low-energy electric discharges. With-
out conditioning, breakdown at field strengths of only 2.5x105
to 4.6x105 v/cm has been observed (ref. E5). Under the
circumstances of such conflicting data, it seems advisable

to design for the lower field-strength values, say, for

lxlO5 v/cem {e.g., 10,000 volts per mm) with provisionifor
reducing electrode spacing by as much as a factor of ten
during development of the ACCENT system.
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Another source of leakage current in an electrogenerator.
with vacuum dielectric is secondary electron emission‘from
the collector. Secondary electrons will be emitted as a
result of beta particles 1nc1dent on the collector, and it
is evident that the secondary electrons will fall into the
emitter (fuel element) thereby constituting a leakage current.
There is sufficient data in the literature to form a basis
for estimating the magnitude of electrogenerator leakage
current due to secondary electron emission.

In the low-energy range of primary electron energy (i.e.,
beta energy at the collector in the electrogenerator), secon-
dary electron emission can be guite large. A secondary
electron coefficient & is defined as the ratio of secondary
electrons to primary electrons; and this coefficient is zero
at zero primary energy, then rises to a maximum value 6max
at some primary energy Ep, and then decreases as primary
energy is increased. Values of smax and Ep are listed in o
Table El1 for a number of materials (refs. E8, E9).

At primary-electron energies above Ep, the secondary-
electron emission coefficient falls rapidly to low values,
as illustrated in Figure E2. The Sternglass theory is in
agreement with much experimental data (ref. E9), and is con-
sidered to be more reliable than data such as from ref. E10,

for the purposes of the present study.

At primary-electron energies well above Ep, the secondary-
electron-emission coefficient becomes roughly constant as
shown in Figure E3 (data from refs. Ell, El2). It is notable
that the data for aluminum in Figure E3 are in substantial
‘qgreement with the theory of Sternglass shown in Figure E2

REIIS TN

The da¢a ‘described so far have been for normal. 1nc1dence,
but the betas will reach the electrogenerator collector at
all angles bpetween narmal and grazing incidence. Experimental
data (ref. ElZ) 1ndicates that the secondary—electron em1551on
coeff1c1ent qt 60 incldence (from normal) may be about tW1cg
the value for normal incidence.
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From the available data, it appears that the secondary-
electron-emission coefficient can be assigned a design value
of 0.03, and that this value should prove to be conservative.

Beta particles arriving at the collector may be reflected
(backscattered), and return to the emitter, thereby forming
a third kind of leakage current. Electron-backscattering
coefficients have been measured over a wide range of primary
electron energy, as shown in Figure E4(refs. E12-El5). 1In
general, the electron backscattering coefficient n decreases
with atomic number of the target material, so aluminum appears
to be a good choice for a collector material on this basis.
At low primary electron energy, carbon is reported to have
n=.08 (ref. E15), and beryllium is reported to have n=.08
(ref. E10), so these also appear to be candidates for collector

materials.

The data shown in Figure E4 are for normal incidence,
and the electron backscattering coefficient increases with
incidence angle of the primary electron, as shown in Figure
E5 (refs. E12, E13). Some approximate theoretical calculations
reported in ref. E13 indicate that the overall backscattering
coefficient for electrogenerators with aluminum collectors
may be n=.20 .

In summary there are three sources of leakage current
in electrogenerators with vacuum dielectric:

1. pre-breakdown (field emission) leakage current
Jl,p , which can be made negligible by reducing the electro-
generator electric field strength.

2. secondary-electron emission current Jl,e , which
should be aboqt 3% of the electrogenerator current, with
alumippm collectors. ’ 4

3. backscattered—electron current Jl b’ which may
be as great ag 20% of the electrogenerator current, with
aluminum collectors, and as great as 10% w1th berylllum

collectors.
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Gas Dielegtric

A gas with a large electron-attachment cross~section,
such as SF6, can be used as a dielectric. Capture of
electrons by the gas dielectric results in the electric
current being carried by slow-moving SF¢ negative ions,
thereby reducing the current. In this way a discharge can
be quenched before it becomes catastrophic. Furthermore, the
leakage current is reduced. If total, complete, containment
of the electrogenerator assembly is an absolute nuclear safety
reguirement, then a gas dielectric may be a very desirable
design concept.

In leakage currents through a gas dielectric, the most
important mechanism involved is impact ionization caused by
electrons originating from the electrodes or from the gas
itself in the interelectrode space, which are accelerated by
the applied electric field to energy levels sufficient to cause
ionization of the neutral gas atoms. When conditions in the
interelectrode space produce electron energies greater than
the ionization energy (15.7 ev for SF6) an initial electron
current will be amplified through a mechanism first described
by Towngend who found experimentally that the amplified current
J could be expressed by:

J = J_explag) . (E2)

where g is the gap distance between the electrodes and

J, is the initial electronic current. The coefficient a

is known as Townsend's First Coefficient. Figure E6 is a
plot of o/p against E/p for sulfur hexaflouride (from ref.
E16) where p is the pressure, and E is the electric field

strength.

Although the above mechanism will result in an increase
in electronic current (and thus increase leakage current) no
complete breakdown will occur unless additional free electrons
are produced by secondary processes which are more complicated
than the primary electron-atom collision process. These '
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processes may include secondary emission of electrons by
bombardment of the cathode by the returning positive ions,
or by photoelectric action at the cathode or photoionization
in the gas itself; the latter two caused by radiation from
the initial ionization process.

The criterion for complete electrical breakdown can be
expressed as:

[vexp (ag)] -y = 1 (E3)

where y is Townsend's Second Coefficient. For electro-
negative gases, a further process must be considered; that
of electron attachment. An attachment coefficient n can be
determined for such gases and is defined as the mean number
of attachments per unit length of electron travel in the
direction of the electric field. A plot of n/p against E/p
for SF6 is shown in Figure E7.

The breakdown criterion for an electronegative gas is
then given by:

fyu/(u-ri)] exp[(a-n)d] -1y =12 (E4)

The term (o~n) is the net ions per . cm of electron travel
in the direction of the electric field. Figure E8 shows
(a=n) /P plotted against E/P for SFG’ In the region where n
is greater than o electrons are removed faster than they
are produced resulting in a situation whereby electrical
breakdown cannot occur.

Figure E9 is a plot of the maximum safe potential differ-

~ence Vmax against gap distance (uniform plane electrodes) for

various values of gas pressure for SFG' If the value of Viax
is not exceeded the leakage current will not exceed values
that would result for vacuum insulation of the two electrodes.

The following assumptions have been made in calculating
the above information:
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- a., All of the relations hold at the pressure levels
of interest. '

~ b. No other mechanisms are present for the production
of ionization, .
If the passage of beta particles through the SF6 gas pro-
duces an appreciable amount of ionization, then the operating
voltage might be lowered to avoid electric breakdown (or the
electrode spacing could be increased). '

Because of the relatively low density of gaseous dielec-
trics, the interaction of betas with the collector can be

expected to be essentially the same as with a wvacuum dielectric;

e.g., there will still be about 3% leakage current due to

secondary electron emission, and as much as 20% leakage current

due to electron backscattering from aluminum collectors and
10% with beryllium collectors. If the factor (a-n) in Pigure
E8 has a negative value, then the leakage current due to
secondary electron emission might be suppressed, however,this
current is only about 3% of the electrogenerator current so
such a suppression would not appreciably improve the electro-
generator performance. '

Backscattered electrons have an energy spectrum that is
continuous from zero energy to the primary electron energy
so most of the backscattered electrons will have energies
of the order of the primary beta energy in the electro-
generator. Because of the relatively high energy of the
backscattered electrons, it seems unlikely that the leakage
current due to backscattered_electron% -will be suppressed
appreciably even if the factor (a-n) is made negative.

In summary, it appears that the use of a gaseous dielec-
tric such as SFg could provide much closer electrode spacings
than possible with a vacuum dielectric, but that only a
slight reduction in leakage current can be expected. For
example, if the SF6 pressure were 1000 torr, a 20-mil (.5mm)
gap could support about 7000 volts, and a 100-mil (2.5 mm)
‘gap could support about 30,000 volts. With slightly lower

voltages, or slightly higher gaps, pre-breakdown and secondary-
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electron leakage currents might be suppressed by the SF6,
leaving only the leakage current due to backscattered
electrons.

Solid Dielectric
Solid dielectrics offer the possibility of close-
spaced electrodes, with a corresponding decrease in
electrogenerator size. Properties of some solid dielectric
materials are listed in Table E2.

Beta particles must pass through the solid dielectric
in order to reach the collector. Therefore, the range

coefficient C of the dielectric, and the ratio of C

R,d R,f
of the fuel form to Cr grare important parameters. Equiv-
r

alent thickness Teq of the dielectric is simply:
Teq = "alCRr, £/ r,d (ES)

where T is the actual (physical) thickness of the dielec-
tric. The current of betas reaching the collector can be
estimated as shown in Figure E10.

In making this estimate it is assumed that the dielectric

merely acts as a material obstruction to the passage of heta
particles. This is equivalent to assuming that there is no
electric field throughout most of the dielectric, e.g.,

the electric potential in most of the dielectric is the same
as that of the fuel element. There is evidence that this
assumption may be valid, for some data (ref. E17) show that
essentially all of the potential drop in a solid dielectric
between two conductors occurs near the cathode (which is the
collector in the ACCENT electrogenerator). It is notable
that this experimental observation is supported by detailed
theoretical analysis. If there is a substantial potential
drop near the emitter, then the betas would lose some of
their energy in that region, and would travel through the
remainder of the solid dielectric at the reduced energy; in
this event the mthod used here would not be valid. However,
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the present method should be a good first approximation
even if there is an appreciable electric field at the beta
emitter electrode (the fuel element).

The estimate of beta current illustrated in Figure
E10 can be expressed as follows: '

4

T + T

eq £
j = KJ[ f(x) dx (E6)
T .

€q

where the constant K is given in Appendix C for each
particular radioisotope fuel form. A further illustration
of this estimate of beta current through a solid dielectric
is shown in Figure Ell. This figure is a portion of the
beta-current density figures in Appendix C. Beta current
lost by absorption in the dielectric is represented by ja
corresponding to the equivalent thickness T of the solid
dielectric. Beta-current density arriving at the collector
is the difference between the current density at (Teq + Tf)
and ja , since this difference is identically the area under
the shaded portion of Figure E10 multiplied by the constant
K as in equation (E6).

The approximate method described above can be used to
obtain estimates of beta-current density arriving at the
collector in electrogenerators with solid dielectrics, as
shown in Figures E12 and E13. By comparison with the figures
in Appendix C, it‘can be seen that a solid dielectric would
decrease the beta current in a promethium¥147—oxide electro~
generator by 40% or more, depending on the voltage. Reduction
in beta current would be much,leés in a strontium-90-titanate
electrogenerator. For example, a 5-mil thick polyimide di-
electric would have an equivalent thidkness of 0.0127 cm;
and by inspection of the figure in Appendix C for strontium-
90—titanate fuel layers, it is evident that the reduction in
beta current-density by the dielectric would be about 70
micro—amperes/m2 out of a total of more than 350 microf
amperes/mz.
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In using Figures E12 and El3, it must be remembered
that the dielectric has an electric~breakdown limit. Di-
electric strength is shown in Figure El4 for several dielec~
tric materials. Below the electric~breakdown limit, leakage
current through the dielectric can be characterized by a
volume resistivity, and this property is shown in Figure E15
for several dielectric materials.

Whether these electrical properties will be affected
by radiation damage from beta rays and bremsstrahlung is a
moot gquestion. Available information on radiation damage
to dielectrics (ref. E18) indicates that the electrical
properties are virtually unchanged until catastrophic break-

down occurs at high total doses such as 1018

8

n.v.?.,iequiv—
alent to a gamma dose of at least 5x10° rad. Tests

of Kapton H~film irradiated with 2-Mev electrons indicate
breakdown at about 5xlO9 rad. The average energy of becas
passing thréugh the dielectric is probably of the order of
.03 Mev, and about 40% of the beta current is lost in the
dielectric as calculated above. But only about 10% of the
total beta emission is involved, so only about 4% of the
total activity could be lost in the dielectric. The rate of
energy absorption in the dielectric is about:

10

dE/dt = (.03 Mev) x (.04x3.7x10 xcuries/cmz) (E7)

For a fuel-layer thickness of 0.005-cm (2-mil), there is
about .005x5020= 25.1 curie/cm2 , so dE/dt= 1.lx1015(ev/cm2)/
gsec. With a polyimide dielectric thickness of 1l-mil

(.00254 cm), there is about 1.42x.00254 = .0036 gm/cm?, 80
the energy absorption in the dielectric material is about
dE/dt = 0.31 x 1018(ev/gm)/sec. One rad corresponds to

100 erg/gm, which is 0.624x1014 ev/gm, so the beta dose rate
in the dielectric is about 0.5x104 rad/sec. At this dose
rate, a total dose of 5x109 rad would be reached in 106 secq,
or 280 hours. Even if this calculation were off by an order

of magnitude, it would predict radiation damage problems with
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the dielectric in promethium-147 ACCENT electrogenerators
intended for long-life application. Strontium-90-titanate
has a volume activity of only 139 curies/cma‘, so the di-~
electric dose rate would be much less than in promethium-147
electrogenerators. Detailed calculation of beta energy loss
in the dielectric could be made,but the value of such calcu-
lations would be questionable. Direct experimental evidence
appears to be the most satisfactory way of anSwering the
radiation damage question for solid dielectrics in the ACCENT
electrogenerator. For the remainder of this discussion it is
assumed that the electrical properties of solid dielectrics
are not affected by the radiation environment of the electro-
generator.

Ohmic leakage current through the dielectric is simply:

jl,d = ¢/(0Td) (E8)

where ¢ is the electrogenerator voltage, p is the dielectric
volume resistivity, and T4 -is the dielectric thickness.
Ohmic leakage currents through polyimide dielectrics of
various thicknesses, and with various electrogenerator volt-
ages are shown in Figure El6. From this figure, it is evi-
dent that for dielectric temperatures below 120°C, the ohmic
leakage current will be an order of magnitude lower than the
beta current arriving at the collector (see Figure E1l2 for

comparison).

In summary, leakage current through solid dielectrics
will be made up mostly of betas reflected from the collector.
Secondary electrons emitted from the collector will be merely'
a part of the ohmic leakage current, which in turn can be
maintained at a few percent of the electrogenerator current
if the dielectric is at a temperature less than 100°C.  The

major loss in electrogenerator current will be beta absorption

in the solid aielectrfc, which will be from a few percept to
over 40% depending on the type of dielectric, dielectric
thickness, and type of radioisotope. Whether radiation

7
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damage to the dielectric will be a problem probably can be
best resolved by direct experience in real electrogenerators.

El.

E2.

E3.

E4.

ES.

E6.

E7.

E8.

E9,

ElO.

Ell.
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TABLE El - Maximum secondary-electron-emission coefficients
for various target materials.

target material Emgg EE, Mev
Ag 1.5 .0008
Al 1.0 , .0003
Au 1.46 .0008
Be 0.6 .0002
o 1.0 .0003
Cu 1.3 .0006
Fe 1.3 .00035
Mg 0.95 .0003
Mo 1.25 .000375
Ni 1.3 , .00055
Pt 1.6 .0008
Ti 0.9 .00028
W 1.4 .0006

Zr 1.1 .00035
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TABLE E2 - Properties of some dielectric materials.
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% 3 B OB
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Max. useful temp., °F 3000 550 460 430 750
Density, mg/cm> 2100 2200 1120 1420
vol. resist., ohm-cm 14 18 4 1015 1.4 lo17 18
(ot 2300) 10 10 X x 10
diel. strength, volt/mil 4000 500 5000 6500 7000
(at 23°C) ‘
range coeff., Cr.a .000474 .000725 .000843 .00061
€ ¢ | 203 280
R,Pm203/ R,d .361 .236 . .
.159 .220
CR,tm0,/CR, .283  .185
| 5 ' . : o . 337 .466
CR,SrTi0‘3/CR,d‘ . 599 392 )
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El8

1.0 gt
T
14 i
2 H
- 8 - 413
L
..{.
1 EapaNsEEE]
a ik Resun i3
- 3 B 2 {]
15 L 2 FHH H HiLH | H
&1 ks =eishils: H
negibpet a5 H k
. i o H i H v
.6 P o HEHHT 2 s H sysezty
(1 e ry Fridtrie t +} it 1 b+ H -] -]
r : i
LT !
= . pERga: :
RuNgegd
8! M i e 4+

8 P g i HIHEE
-4 i g e O B it g
1 H H R i H | :;--.&.'i!th_ : 4 h‘ FH- »:fkj H

i \ figthizess il e

N e
i T '— 1 H ‘l -t 3 H SSRNRSNRUE A

.2 i g TN £ 5 fdsceced

: S i it

o + & rHtr s 1 HEre
LT R e L T R e D T PP i

{H 'i“'-- s i gez] tadae) T hii;'

EENEER éi-n.l-
.001 .002
Primary electron energy, E, Mev

FIG, E2 - Secondary-electron-emjssion coefficients at low
‘ p;imary-electron enerqy, and normal incidence.




El9

# ’:§

*2OUSPTIUT TeWIOU pue °*Abisus uoxioals-Arxewrtad IaybIy e
sTerIozew 39613 SNOTIBA IOJ SIUSTOTIIOOO UOTSSTWS-UOIFOSTO-AIRPUODSS

- €43 °DIa
tg tAb Axer
ADIW ‘H IJUD UOIJODT® JewTId
1 2 S°T 0°T G* 0
ESERE SaERNEE: sazis 8 SR EETa pRa T T Sre=si SEasARREs EaR e ; T ey =t O
N, : T e ERasSnan, T an : S :
T : i : : B e e T = Firy T P s,
T i T it ; feaa e 3 : e i s :
: : ; T FH ] : e (s s Evas s iau b
- : mEaaE} ; T 1 e e g i 3 o
P : T TEin Eas S T - - 5 =
||||| EaERTRE NS iy T i t + ey
et L . - ine Same:
+ + t T 1 : T
T ? i3 1 * + t T T 1 .
; } o o T T
-t ; o R e : : T
; i BEnsanevEin: ! - : = S e
Hakimaitua iz : = S :
o £ = c0°
= - i s
: ] 7 Ty il I T T =
T ¥ : : T e ; ; ; o
T : = ;i == L : : ; :
i + e ;i ; ;s r + o]
t aahadel = ¥ ; ; :
} : ; T + : : :
. : - ;
: T
T > + 1 +
T ¥ T £ ¥ T T
; T
(i I +
7 t : e :
; : .
o 70
t T i : T :
E T f T Tt : :
T 3 A 1 5 1 . L
= T : i T - L Tt
I H - 1 eaems
T - i : : : = - ;
T ; e : e
3 : EEEEEE : ; ; ;
T T k8 ) . b T Y -
- - + + T Ny * N It Sy
= L o : o = o A s AT
: - : = T — . °
ey T T T Tt P T =y . + 4?1@0
i1 I} i) 1 ) »,_ A -
T . e H : - ; = o T
T : aeea : T n T : = sy
: e T t
o o 3
- + M« i 3 1 + T
~ F ? T o Spp e
T : i + T e 'y o
} T - : Erhr =]
BN | - k1 - T 1 i1 T
; ~H : : T -
; ; pa T
: T : %
s 4 - — - vt =
T
; ; % o
T e ; :
; T - ; T
s :
T T T
Tt i e :
T : ; -
= : cat
" . T
; s :
+ : . -
¥ - 1
T L I I = T T
) T e . + T 1 +
pha ay e
- : =
T P & s T Tr T
: , e i i
1 - - prn Y il rRM|
¥ e e e ms:
: Hoer : ==
et u _ shore o : :
W . Z e 4 T L3
i w\ bkt Al T
: ; RS ek .T
; ; S s Mt o : S
o . : ; i} T :
T + 2 Faeenoas v, ]
T T e o 7l oo P s :
T 3 i~ Sa i T T
T = - bwrs ot :
; : v =
18w . T T Kl AN o
: I ~ ! : e ssay
T n iy e Y
FeRd Ry ey cavon s g F o e A n kg ;
y - : s o
T T T I I S I i
T T iy T K T T L p T Py
: - 8 paa - g '
ST T+ = et ¢ ~
T v - b + 1 i3

§ ‘JUSTOTFFOO0 UOTSSTWS-UOIIOSTd-ATEpUCDDS



E20

*SOUSPTOUT TRULIOU
Y3TA ‘STETII®3EW SNOTIRA I0J FUSTOTII200 DBUTISIIROSHORA-UOIJOBTH - pd *OIJ

ABH ‘H ‘Abrsus uoxzosle Axeuwtag

o
L
~
\n
.
4

S’ 0

" - nawes gaus - - — 0
12 T ; - : o ; R A RAE
T = i HHE ; H R SSE AR g, jaa Raryn ma
s b2ax: e Th : T i T e
: : : > s 1 o i s
T S o T o ]
; - — H } uE mat 7 o sava s
: TR : : = a
- e + ; o
T T H- : f
= T S v ; -
; T He = +
iy K z p + Lo L g >
e = T -t = I Y
R : = y3 shams v T ¥
: : F T :
Lot £l T T i) ’ i
} t ; HTH
e : ;
t ; ; : ; I
: + i t :
L 3 ,
i £1 * L3 LT > .
= ; T
e e T . -
e - , L
" B e earaiy T
t = + T
IEanas: T i 1
T T o S B
; : o S ! To +
: S : : e
= - T For 1 iy
+ T o Lo : T 3= T
+ + + < + + T T 3
; . - T T ; t
; THg T et aa
; e asEaE, T e T
} T f s ! S s n T b
: F =
7 + o : : :
F e s S a oS A L AR : ' bt
. G any T } T : ;
o e = s Sums
© e 73} !
T . ? : -
T Ty e . T faa: T :
T ; : ; e .
o o - s Earaal :
-y i B - 1 1 i Iy T e
T T T e : ; T i T
; T T o T T : 7 5
o 1+ s T : G ’
: 7+ T ! ; o :
- : + Bkt t
- e =17 :
T -
. e aaven +
1 e ; e =
uus = » : o
: ; : s
= T b ;
£ 4 T T
; - : 1 . :
¥ e T et saa; e T
s 7 : i ;
{ ; e : ;
T - r T ey e T
rna T u ety ot +
P e 1 3 : T
. iy et L o)
S i T * —.. T e e o
+ T i e 3 i
ey AT e -
1 1A s kY T I 3 i bl
3 : Tann 3T R ; =
: T ; t } = IRARRES
Tt = o A T
z RS e Eaa S n s - ;
L T e , 1 3 ) v 1 . o4 T 1
ot i - k3 - s 33 mr ;N I
£ + o — : T
W % " T T Tt T T T Tt
T + } ¥ I3 o H +
1 T : ama
P T T !
} - T o +: +
A i3 ey Ly T -
FA R 1% CWE ) t+ e VN N T IR " 3
L i3 3 R y iy Kk 2 e 1 1
F - ; : T : + T T
fon Lt - 1 b " s
o - e T H
T A 1 " X *
; - : ! T - eaeas
- - b T T o s gy
T it H T
b = o T e
aNe e = 'y = ;
' 3 v - o T T : T
" [ANNE S 4. WARTRSY - L I b2
; HE P T . 2 e : :
HHEE R ay Hf e s e ey 1 G *

Uf3UaTOTIFR00 BUTISIIROS ORA-UCIFOOTYH



E21

06

‘WNUTWNTE IO JUSTOTIIS0D
butzsjyjeosyorq uox309T9 uo arbue 20USPIOUT FO 09FFF - ST "SI

seaxbop ‘uoxjoetre Axewrtxd Fo o1bue sousprour
09 0€

o

ettty - -
A T i Tt i} 3 T ¢ aaa: i
ek T IR A BACTA it T 1t i AN may
; a aanasaa P e e T ARaEel SRuas T oa SneReEARET |
F i L ; o TR sl sames
T T T I ] t=us:
T :
T i : T ; eareb——y
N IR 1 - ke
= 7 - ¥ avessas e : LT
; raaus i T
. > r ! ! 7 5
s e : ] e ¥
. 23 i "y i .
: e : =H 7
e L o it T g
y i ! T L E‘, + ¥ ) i
i i : oS
T ; X
SRS oot oot Anmminnt e S SRS :
e ) tam vor jRw Tt
o L v 137 :
T Sos T I == 5
’ e : O TS A T
: : - ux : 3 ; !
. e I B P AR R :
I + T i i s q,- n T - —
T T s -t . . I T e o
S EEen B ana iy ; ; ; : .
: e revags :
F o - T T T e =
; e T - : o =
- ! i ERY T ] T -
L 2] \n T 7 T [ I ¥ ¥ + " o
. T T oo e e T Tt L s
. ) " t ;i T iEau SynansaLe
: M T + < -
ST ! :
rm O Er Tt gy : = - & Ao
t : T : R ¥ Spceows s
3 — b = :
i - + 4_ T
. ‘! o .y 1 T + g~ -
g ! = T 1 fean 9
o ; ;
L : T T s , T -
) : T 1+ - - T .
iRae s e SN * - I - i T - —
i : s : : ; : T .
: ; Freom : . = T ey -
o : T : : & e =
f ona o = SE=S = : : ~ T
A 3 trr s " S R I RS - o
I : : e : ; T
¥ + R B : i i preg.
(um o s 1 T r - : = T i = ke
5 ahwns el sants; A = . ; 8°
o] 7 ; ; ataa |
- i3 T e T B W T : My y: v
+ T Tt e - + LhD
: N : :
- : e aemani h
fasaal} T T T =t T
s e e ;3
I S 3 NSRS i X3 S
t 1 i s -
b kX T ; s i W 1 yus T ~4= tot T ]
} = ] T T S e aaTe: o ; S mpcagnes tpsineat |
i s S afRevangspay suney : rouEs peu y peaysteat v s by 0°T

U‘quaTOTIFO00 DuTielleosORI-UOIFODTH



a/P, (ions/cm) /mmig

2.5

2,0

l.o

FIG. E6 - The first Townsend coefficient o for

E22

DL

100 120 140

E/P(volt/cm)/mm‘Hg

SF6 gas.

160

180

L



p=d

£23

2'5 1 -+
HHH H
2'0~ :‘.: HEHH ‘1 'i".: 1T FLEH H
o . | i
E 1.5k aigidalistisconidinns HHIE it g
N * : AEs T H HT H
o st RHR T
t-; 1.0 3 ; il FH TR i §E3t
Q * i T ‘u ii r; o g ERRd
E i e _
O :. BN -1
[0} T B
it} _ & ]
= 0. 5 JHhHITHIEIT i
~ AT 55 o H
& i
S e
= HHH R HE FH A A
0 L- Easdetitatedhonhetientis R j'i AT :,i e 23
120 140 1640 180

E/P,(Volt/cm)/mméHg

FIG. E7 - The second Townsend coefficient vy
for SF6 gas.



(a=n) /P, (net ions/cm)/mmHg

E24

+l.5 T T
,’ﬂvi , ‘ , i }_ |
+l»0 0 “ jv | i ;“ ‘ 1 '. ' : /’: ] ‘»— i
t». i ﬂtf fij‘
i
) o

+0.5f

ot Racpe
PR e
N
N
1
=
T

PR Sl s

Eou Dt e S e

pesteods g
T
ll T
1 T
| [ . B S W,
T
T
T

! i "r"d;:i'— T ﬂl H ﬁ HE H k)
100 120 140 160 180

E/P,(volt/cm)/mm Hg

FIG. EB - Electric breakdown criteria for

SF6 gas.




E25

sseb P35 T0] °oDR]ITOA UMODNROIQ OTIFOSTS TEROTIDIOIYL -

6d “HIL
(youT m:oﬁv sTTU ‘6 ‘Butoeds sporjzoeld :
0008 0002 . Q00T 00S 00Z 00T 0s 02 0T 4 T
5 ] — T T — ) . 1 - > . .—”
S
0T
0¢
0s
00T
00T
002
000T
v : Ixol ‘g
‘sanssexd seb 71 oos
000¢
= 000T

‘abeqyTOA UMODYRDIL

xeu
‘ A

S3TOAOTTH



F26

*0TI3OSTSTP PITOS
nmsomzu;mﬁﬂ mm I93Fe 103097702 Butyoeed FUSIIND ©IDQ FO B3BWTISH - 0TH 5T .

X nm»mﬁ Touny ur yadeqg

——

e ; ) ’ R
, 3uaxano i A&\\ A
Houmumﬁm.mouubmam m m.
v oﬁ.%ﬁwﬁﬁunou‘\ \ . 8 5
\ ﬂ o}
O Fh
. Q
\ &“\“ o o
| | %\ S &
| | % © B
. ¢ Hy
-
. : L=
~ o
ek
(p'¥, 3°¥,,P bs iy
oty % et

e Fu

/ SOOOON s
I2AeT 1 ﬁw : oanuomamﬂvmmm
adojosTOTpR u FHE : pITOS me
/Mwmmwmwﬂﬂ/ , i




Beta current density leaving emitter, 7j

B27

beta current density
arriving at collector
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FIG. Ell - Method for estimating beta-current density

arriving at collector in electrogenerator
with solid dielectric.
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Beta~current density at collector, jd’ micro-ampere/m
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Breakdown voltage, volts
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APPENDIX F

THERMAL DESIGN CONSIDERATIONS

Conduction of heat in the electrogenerator electrodes is
of fundamental importance in establishing electrode dimensions
that will provide a satisfactorily low peak temperature in
the electrode. This is of particular importance for solid-
dielectric electrogenerators where the resistivity of the
dielectric decreases rapidly as temperature increases. Heat
generation and heat flow in vacuum~dielectric electrogenerators
is illustrated in Figure Fl.

Heat generation and flow in the emitter of a vacuum-
dielectric electrogenerator can be expressed (by reference
to Figure Fl) as follows:

X . . '
-kA(dT/dx) = W%[o (QG/S - QD/S)dx (F1)
where k is thermal conductivity, A 1is cross-sectional

area, w, is emitter width, and x 1is measured from the

center gf symmetry (ie, peak temperature location) of the
emitter. A typical value for the heat generation term is
QG/S = 90 watt/m2 for 2-mil thick layers of promethium-147-
oxide (90% dense). Radiation heat transfer between the

emitter and collector is:
0./8 = o(Th - T2/ (1/e,, - /e, = 1) (F2)
D E C E C

whefe ¢ is the Stefan-Boltzman constant, and where €p and
e, are emittances of the emitter and collector respectively.
Radiation heat transfer rates determined from equation (F2)
are shown in Figure F2. From inspection of this figure it
is evident that the integrand in equation (Fl) will be
negligible when the emitter temperature is about 50°C and
the collector temperature is 300°K. In other words, at 50°C
emitter temperature, all of the heat generated in the
emitter can be transferred by radiation to the collector if

the collector is maintained at 300°K (27°C). If the collector



F2

must be operated at a higher temperature, then the emitter
temperature‘wéuld be higher also, for example, ﬁhen the
collector must be maintained at 400°K, the emitter temperature
must be at about 130°C if the heat generated in the emitter

is to be transferfed by radiation to the collector,

Collector temperature must be high enough to provide
adequate heat rejection to the spacecraft or to space. If
the ACCENT system is integrated into the spacecraft in-such
a way that it is surrounded by the spacecraft structure, then
the heat sink temperature is the spacecraft temperature. For
example, if the spacecraft structure is at 300°K, then the
collector temperature must be enough greater than 300°%K to
provide adequate transfer of heat. If the collector elec-
trodes transfer heat by conduction to a collector support
structure, and if the collector support stfucture must
reject the heat to the spacecraft structure bybthermal radi-
ation, then a collector temperature of 100°c(373°K) would pro-
vide a transfer of 650 watt/m2 to a 300°K spacecraft structure
{see Figure F2). In turn, an emitter temperature of about
120°¢C would provide adequate radiation heat transfer to the
collector. From this discussion, it appears that emitter
temperatures of 150°C or less will be satisfactory.

For thermal radiation to be effective in transferring
heat from the emitter to the collector, the collector must
have a nearly uniform temperature profile. If it is assumed
that the radiant heat arrives at the c¢ollector uniformly,

- then a simple analysis can be made of the collector temper-
ature profile. This assumption is essentially that éD/S is
the same everywhere on the collector surface shown in Figure

Fl, so the heat flow equation for the collector is:
Y

—kA(dT/dy) = wCJ’ (Qp/S)dy (F3)
O W
Since éD/S is assumed constant, then:

-kA(AT/dy) = w.(0,/S)y (F4)
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Integrating:
TR L/2
-ka dar = wc(éD/S) y dy (F5)
TO D '

where We is the collector width, and L is the collector

length. The cross-sectional area is A = WaTe o where T

is collector thickness, so equation (F5) becomes:

Cc

T - = [(éD/snz] / (8K ) | (F6)

where T, is the peak temperature (at the middle of the

collector length), and T is the temperature of the

collector support structu?e {(at each end of the collector).
Temperature difference T, - Tr is shown in Figure F3 for
various thicknesses of aluminum collectors, and for a range
of collector lengths. From this simplified analysis it can
be concluded that a nearly uniform temperature profile can be
maintained in aluminum collectors of a few mil thickness

with lengths of about one foot.
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“APPENDIX €1
FUEL-ELEMENT FABRICATION METHODS

A number of methods of fabrlcatlon of - the electrogenerator

vvfuel elements have been studied by Pacific Northwest

Laboratorles, and the results of that study are reported in
the follow1ng pages.

Another fabrication method has been described* as follows.
A 5~ or 1l0~-mil aluminum or nickel disc of l1l.5-inch diameter

- or larger, can be recessed to a 2- or 3-mil depth on one

side (or probably both faces). A small peripheral land would
remain. The recess would be filled with promethium-147-oxide
powder and sintered in place. A 50- or 100-microinch nickel

foil could be permanently fastened to the‘peripheral land, to
seal the fuel layer if desired. ‘

From the information described in this appendix, it can be
concluded that fabrication of fuel elements to the ACCENT
system is within the present state-of-the-art.

* Andelin, R. W. : private communlcatlon from D. W. Douglas
Laboratories. (20 November 1967)
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ABSTRACT

A study was made to determine the fabricationifgasibility.of
‘advanced thin plate radioisotopic fuels~f0r the ACCENT electro-
generator. Two basic fuel form concepts were investigated:

a high volume percent ceramic phase cermet and a rad1o1sotopic
‘ceramic coated light meta] foil,

Pertinent fabrication techniques were reviewed and promising
methods were investigated experimentally using stand-in
materials for the radioisotopic ceramics. Fabricability was
established for both concepts, and processes were outlined
utilizing available technology.

The most promising sequence for the cermet plate configuration
appears to be:

+ Preparation of dense radioisotopic oxide particles in
the 7 to 75 micron size range.

» Provision of a 10 to 20 vol% metal coating on the
ceramic particles by chemical vapor deposition.

+» Consolidation of the coated partlcles by hot pressing :
to form a 0.006 inch thick plate hav1ng > 97% of
theoret1ca1 density.

The most promising process for the 1aminated material appears
to be vacuum vapor depos1t1on of the rad1o1sotop1c compound
onto a Tight metal foil substrate. Adherent ‘coatings having
excellent thickness uniformity were obtained by electron beam
; eVapbration of the stand-in material. RF diOde’sputtering '
should produce h1gher depos1t1on rates and better contro] of
thick film 1ntegr1ty
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THE DANE COMPANY -
~ BOX 668 - :
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INTRODUCTION

Advanced direct energy conversion system concepts have created
a need for new composite materials formed of'radioisotopic
ceramics and light metals. System design requirements dictate
a thin pTate geometry for these matekiaTs. Candjdate radio-
isotopes are promethium-147 and strontium-yttrium-90.

There are two forms of composite materials which appear to be
congruent with the electrogenerator design requirements:
« A Taminated composite consisting of a 0.002 inch thick

coating of promethium oxide on each side of a 0.002
inch thick light metal foil.

» A promethium oxide-1light metal cermet conta1n1ng on
- the order of 80 vol% of the radioisotopic ceramic,
and having a thickness of 0,006 inch.
Although both approaches appear to be technically feasibile using
currently available technology and minimal development work,
applicable fabrication techniques differ for the two systems.‘
A difference is also seen in the number of processing steps
required to obtain the end product in_each case. For these
reasons, the discussion section of this report is divided into
two main sections. ' ' -
« The first section will deal with the cermet plate

approach, and will outline potential processes, experi-
mental results and a recommended process sequence,

« The second part of the discussion section will deal
with the Taminated composite. Potential fabrication
techniques, experimental results, and a recommended .
process will be d1scussed

e
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“Since the ultimate choice of a material type for development

1ies with the electrogenerator system désigners, no absolute

‘comparison between the desirability of the two materials has

been attempted. The cermet and laminated composites are com-
pared in the conclusions sect1on of the report solely on the

fbas1s of:

~+» Relative process development difficulty.
’ Probable dimensional contro1'using available techno1dgy.k

. Max1mum plate size potential without deve]opment of
joining processes.

A preferred material form is indicated in the conclusions section.
Preference is based on the fabrication considerations listed
above and on currently available experimental data.

SCOPE

The purpose of this study has been to assess the fabrication
feasibility of radioisotope fuel-layer design concepts for the
ACCENT electrogenerator.

Two basic design concepts have been considered:

* A cermet containing approximately 80 vol% radioisotopic
ceramic as a discontinuous phase within a continuous
light metal matrix.

"« A laminated composite con515t1ng of 0.002 inch thick
coatings of radioisotopic ceramic on both sides of a
0.002 inch thick Tight meta1 substrate.

Although two candidate radioisotopes were cons1dered, namely
]47prometh1um and 9ostrontwmyttmum, primary consideration
was given to ]47promethium because of less stringent shielding

requirements.

Conclusions are presented, affirming fhe fabrication feasibility
of both radioisotope fuel-layer design concepts.
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- Investigation has been limited to the fgasibility of‘méterial o
fabrication. System design factors such as shielding, vibration,
re-entry and impact packaging were not cbnsidered in this study. .

- DISCUSSION

A number of potentially useful processes were considered as
candidate processes for fabrication of plate geometry fuels for
the electrogenerator. These included:

* Cermet fabrication processes
« Vacuum vapor deposition

« Flame spraying

+ Electrophoretic coating

The first four of these fabrication approaches were considered
to be most promising within the context of currently available
technology. ' ' '

The following discussion is 1imited to actual experimental data
obtained at Battelle-Northwest. The discussion is,divided‘jhto
two sections, the first of which deals with'cermet fabrication
and the second with coated foil techniques.

CERMET FABRICATION

Experiments were conducted with high density Sm203 particles as

a stand-in for Pm203. Cermets were prepared using conventional
powder metallurgy techniques (i.e., constituent blending followed
by consolidation). ’

Cold Pressing

Figure 1 shows 66 vo]%v5m203?34 vol% Al plates fokmed by cold
pressing blended powders at 60,000 psi. Four, 2.4 inch diameter




%L0A 99 P3SSAAd PLOJ

MONEW

s3awas) Ly-

&W%%&%My&%% -
.
.

.
&%MMW Mwmw%m
@«\%

.

S
-

G
e
- S

G7

o
e
S
Seaaae
: e
e - . Mb/%
: il
e
-

ﬁ%%%%ﬂ.. . .
. .

it
o -
-

@M&w
A\L%
;M«%A%mwvuu \.xw..uwn
.
.
- .
-

-
s
.
-
e
.
-
e




p1ates were produced by this method Rropértiﬁs,cfvfhe plates
are 91ven in Tab]e I. - O

' TABLE I

-PROPERTIES OF COLD PRESSED 66 VOL% sSm OQ PLATES

Thickness DensifiA _% Theoretical

Plate (inches)  (9/Cm3 _Density
1 0.008 3.8 . 66
2 0.013 3.6 - 63
3 0.018 3.4 , 59
3 0.035 3.9 67

The cold pressed Sm203-A1 plates held together sufficiently well
for handling. A density gradient was observed from the center
to the edge of the sample. This effect could be alleviated by
proper surfacing of the pressing die faces.

A dense cermet can be produced by repeated cold pressing and heat
treatment stress relief. The process, called coining, is a

standard powder metallurgy technique.

Pneumatic. Impaction

Figure 2 i]1ustrates the microstructure of a dense 66 vol%
Sm203 -Al cermet produced by pneumat1c 1mpact1on of blended
Sm203 and aluminum powders. ‘ ' '

High density Sm203-was prepared by pneumatic,impatﬁiOn of'low
~density powder., The consolidated samaria was crushed and
screened to obtain angular particles in a -70 +150 u size
range. Further processing was as follows:

i
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FIGURE 2. Pneumatically Impacted 66 vol% Sm203-A1 Cermet

k-
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* Samaria powders were coated w1£h a carbowax binder and
agglomerated metallic coatings were produced by ro]11ng
in 1 to 2 y diameter aluminum powder.

"« Aluminum coated Sm,0 particles were then m1xed with
~ 33 vols -325 alu%‘ﬁum powder.

e The blended const1tuents were conso]1dated by pneumat1c
1mpact1on at 590 °C and 225,000 psi, k

As shown in Figure 2, distribution of Sm203 particles within,
the cermet is fairly uniform. Improvements could be made by
closer control of particle size and blending processes. The
slight amount of porosity seen in the sample may be traceable
to the wax binder or may be the result of impaction parameters;
Refinement of the process could yield:

« Decreased porosity
e An improved ceramic phase distribution
+ A more continuous metallic phase
» A higher percentage of the ceramic phase
The thinnest plate produced by pneumatic impaction was 0.010

inch thick. Extension of current technology to plates having
thicknesses of ~ 0.006 inch is therefore quite reasonab]e.

Cermet Fabrication Recommendations

'vone significant difficuTty encountered with cermet fabrication,
especially with the required thin plate geometry and high

(80 to 90 vol%) ceramic phase content, is formation of a con-
tinuous metal phase. A microstructure consisting of a dis-
continuous ceramic phase, uniformly dispersed within a contin-
uous, low vol% Tight metal phase must be achieved if maximum /
strength is to be obtained.
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“Fabrication of mater1a1 hav1ng such a m1crostructure is dependent
on ach1ev1ng an optimum packing (> 80% TD) of ceramic particles,
surrounded by metal, prior to densification.

Vibratory compaction of metal-coated ceramics in mixtures of
two or three particle size ranges has been used at Batte]le-'
Northwest to achieve such loading. '

Dense promethia microspheres have been produced by p1asma
spheroidization and coated with refractory metal by chemical
vapor deposition(]) Well established chemical vapor
deposition techniques are available for producing light metal
kcoatings (e.g., aluminum(z)), and alternate ceramic powder
densification and particle size control methods have been
established for angular Pm203 particles.

Alternate processes for producing uniform, high density micro-
spheres in size ranges of interest include the sol gel process.
This process is apnlicable to Pm203, and economical use of the
oxide could be expected.

Recommended Process Sequence

A recommended prdeessing sequence for producing a 0.006 inch
thick cermet of 80 to 90 vol% Pm,0, is as follows:

+ Produce dense, particulate promethia in suitable
' particle size ranges and geometry for optimum h1gh
density loading.

. Coat the particles by chemical vapor deposition w1th
the desired volume percent 11ght metal (e.g., 10 to
20 vol%). _

. Load the coated particles by vibrationa1 compaction
into a pressing mold, producing a close packed con-
figuration of > 80% of theoretical density,

. Consolidate the high density cermet preform by pneumatic
impaction or hot pressing to > 95% of theoretical density.
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The m1crostructure of the resultant mater1a1 should cons1st of
uniformly dispersed Pm203 part1c1es as a discontinuous phase
within a continuous, uniform latt1ce of 11ght metal

LAMINATED COMPOSITE FABRICATION

Three experimental approaches were used to investigate the
fabricability of a 0.006 inch thick plate consisting of a
0.006 inch thick coating of Pm203 on a 0.002 inch thick 11ght
metal foil:

 Electrophoretic plating
. Flame.spraying
« Vacuum vapor deposition

Samaria was used where possible as a stand-in material for
promethia. Alumina was used for flame spraying experiments.

E]ectrophoreticAPlating

A 0.0005 inch thick coating of micronized Sm203 was app11ed to
both sides of a sheet of 0.003 inch thick aluminum foil by
electrophoretic p]at1ng A slurry of n1tromethane, isopropyl
and micronized. Sm203 was used, with a power 1eve1 of 16 ‘ma at
150V DC

‘The coating appeared to be uniform, but did not adhere well to
the ﬂlum1num Foi] surface treatménts, parametfic .adjustments
and postp}ating heat treatments m1ght be tr1ed to 1mprove
adherance The process does not appear to be usable without
further deveiopmenta} work ‘

F]ame Spkaying‘

Flame spraying was investigated using conventional oxyacetylene
equipmentvand’cpmmercia}ly available alumina flame spray powder,
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Coatings were produced on 0.001 and 0.0035'inchrthick aluminum
'fpil. Although coating adherance was good, uniformity was not
good on the micro scale.

Figure 3 is a photomicrograph of a sectioned, flame-sprayed
coating of alumina on aluminum foil, Foil thickness is 0.0035.
Poor coating uniformity is seen, and voids are also observed

in the alumina.

Process results could probably be improved by changes in the
feed material geometry (e.g., a finer particle size or a rod
spraying approach) and parametrix refinement. No directly
apb]icab]e experimental data is avai]éb]e on the response of
Pm203 or Sm203 to such processing.

Vacuum Vapor Deposition of sz_Q3

Physical vapor deposition of samarium was achieved by electron
beam evaporation in vacuum., Deposition rates were high, with

a maximum of approximately 1.8 microns per minute at a distance
of 14 inches. Coatings from 0.0005 to 0.0015 inches in thick-
ness were applied to glass and to aluminum foil substrates.
Samaria coatings on aluminum foil are shown in the photomicro-
graphs in Figure 4, Sectiohed coatings show excellent uniformity.

Although crazing was observed in 0,0005 inch thick Sm203 films
on glass, coating adherance appears. to be excellent. Part of
the crazing seen in Figure 5 is believed due to hydration of
the samaria following a one week exposure to atmospheric con-
ditions. The interference fringes in Figure 6, a photomicro-
graph of samaria on glass, indicate the degree of unbonding
following hydration of the Sm203 afterktwo weeks ih air. Each
interference fringe represents ~ 0.25 u. Conoscopic examination
of samaria on glass shows that an epitaxia].]ayervhas been . -
produced. - ”
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FIGURE 3. Flame Sprayed A]Z'O3 Coating on 0.0035 Inch Thick
Aluminum Foil
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> 0.001 inch thick Sm,0

273

~ 00,0005 inch thick Sm203

FIGURE 5. Surface of Vacuum Deposited Sm203 Film on Aluminum

\".
}
J



G117

FIGURE 6. Interface of a 0.0005 Inch Thick Sm 03 Coating and
a Glass Substrate Following Two WeeEs in Air,
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Use of RF diode sputtering rather than electron beam evaporation

~ should permit production of a O;OOZvinChAthickjcoatfng of'sz'O3
with high deposition rates and elimination of crazing. Film
'Uniformity by RF sputtering shou]d not vary by more than 0.5%
‘over a six inch diameter. Uniformity can be further refined by N
incorporating a rotary motion to average out variations in the
"deposition rate due to source distance and preferred evaporat1ng'
"d1rect1on.

CONCLUSIONS AND RECOMMENDATIONS

- Sufficient data~has been obtained to draw conclusions regarding
the fabricability of fuel plates for the ACCENT electrogenerator.
These conclusions are based on experxmental data and firm data.

on existing process capabilities.

Since stand-in materials were used in the experimentation
describéd above, the application of these processes to radio-
active materials will present addftional_process requirements.
Stand-in materials have been used in the past and have provided
resutts with excellent correlation. No unusual problems are
foreseen in transferring the technology from stand in to radio-
active materials.

FABRICATION FEASIBILITY

"Either of the fuel form'configuratiCns for the e1ectkogenerat0r
are feasible from a fabriéabi]ity standpoint, using currently
available technology.

PROCESS_RECOMMENDATIONS

The physical vapor deposition process, specifically RF sputter-
ing, appears to be the most attractive approach to fabrication,
This approach appears to be advantageous in the following respects.
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+ Lower developmental costs and shorter program duration,
» Dimensional control refinement'inherent in the process

~» Greater plate size potential for more flexible system
design

~* Minimal processing required to obtain end product

« Potential for continuous, automated process providing
a high level of quality assurance '

In addition, the process can be used to add protective coatings
to the radioisotope layer (e.g., a 4,000 to 10,000 angstrom
aluminum coating).

The following qualifications are added for consideration by
the system designers,
« The cost differential between the development of a

cermet fuel form and a laminated fue] form would not
be very great.

+ Non-planar conf1gurat1ons could be produced readily
by cermet fabrication.

The choice of material concepts is thus primarily absystem
de51gn cho1ce, and should he based on the importance of a
variety of factors The anticipated material requzrements
for a second generation system should also be considered.
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